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· This report -is intended- to· .giv~ a con~ept ~T th·e. nUllle~ous ·ractors tc, be · ~ ( 
____ '\/" 
.· \ ~. \ ~ 
- :,;con~idered .·in s.hock. tube desi·gn. The .i·imitat·ions of. the_ s·imple shock· tube 
'', , 
-F 
. ar~ i.nvestigated,. --A survey i.s ·~-de- of possibl-e s.h~ck .tube modificat·io.ns •. 
' 
" . 
. ·. 
-· 
' - . 
- . :·· . ·. These various modifications -for. increasing the .-performa·nce of 'the simple shock_ 
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tube ·are· thorqughly ;eva~uated and .compared. The electrically heated ·and com--. 
• • • f' 
• • • 
Ill 
\ . " \. • < •• 
· b'-'.lstio!l: driver. t~chniques are e!ami11_ed, and the degree of shock wave a tten!fB. tion · . 
• 
·that·occurs with each driver technique is collated. 
·' . . 
Tbe· shock tunnel. is de-
. ' 
-
" ~ . ', fined; also -its possibl·e -methods- of oper~tion are ·stated.· ·Finally, a constant 
ar~a~ sho-ck 'tube· ·design is proposed in w~ich th~ driver ,ga~ ~is heated electr:i.-
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·: .cally. 
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"; J :· The sitnpJ.~ · shock· ~ube is· essentially -a :cons,tant :a~ea 
I 
duct ~onsisting_ of' two chambers· at ·-unequal pressure 
. . . . 
. '\. 
' I • • • 
~-
: .separate<:! by ·a d~aphragm. •,, The gas_ ·contained· in the high_· 
.. . 
pressure ch.amber ·is. called. -~he dr.iver· ·gas; while ~he ga~-
. I . . 
' 1-n the low pressure. chamber ifI! called the driven gas. 
. ') 
/ 
. Upon bursting of the .diaphragm the driver gas expands,.~· 
. and compresses ·th& gas in the low pressure chamber •. · A· 
. 
. " 
shock wave ··ana·' raref.action wave --are thus. ·created. Sinc.e 
. ' t . 
·_the driven gas is heated aJJ.d the driver gas is cooled,·· a · 
temperature discontinuity is. f.ormed between th.a two waves. 
1 . 
As illustrated in Figure 1 -..._ the interface between the 
driver. and d~iven ~gases signifies the locat·ion · of the 
temperature· discontinui t_y •. · 
One of the many applications of the· shock tu.be is 
'· 
. 
~· 
its u·s_e as a high speed. wind turuJ.el fo.r . aero·dyn8Jlli.c 
I 
.,,.,, 
/ 
. . 
· testing. Unfortwiately the ~uration· o:f steady· ·flow is 
-
very short, and the high theoreti~al~ Mach· number, 
achievable in the· region behind tbe tnte_rface,· is too 
nonuniform for testing purpose.a; -only the low. Mach 
number region between the interface and 
y-.._ ' .. • • . . 
' . ~ 
u.riifo-rm enough_ for testing purposes. 
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... ··1niti·a1· inves·tment of the shock tube ··is -low· and the · 
- . ' . - . . 
oper1ating overh.ead is reasonTable.. · Also, thfr Mach end·. 
'\ . . . .. . 
· R·eynolds numb_ers can b~ ~on~rolled quite well by·, ~he. · 
. . . ,, 
initial press~re and temperature ratios across the 
diaphragm •. The shock tube· _is also an experimental·· 
devi6e w~ll adapted ·ror research~in the fields df .aero~ 
. . \\. .. . ) . . . . . 
physics and chemistry. Wave-interaction, .con9ensat1·on 
· phenome~a,_ .boun~·a.ry-layer phenomena, high-temperature . 
". 
-. gas. p.hysics' r'adiatiori studies' ionization, conductivity 
. ,. . . (" .· ... . . 
arid magnetohydrodynami~ studies., · andJt·relaara.tion studies 
~ . 
are examples-of .research topics in aerophysicso Two 
topio·s investigated.with the s·hock · tub_e for. chemic al· 
r,eseareh are combustion studies and chemie··al kinet.ic ·~ ... 
. 
· studie·s. The shock tube ha·s even been useful for the 
. . . 
. . 
. . . . 2 
ealibratton· or instruments. · 
I . 
.!Jie theoretical examination of' the simple' shook· 
2,3,4. · 
tube has ~een ·fulfilled for -many yearso · Kest·in-
• I • , 
. . . 
and ,Wagstyl 3 t.reat the· gas as one obeying the perfect·. 
.. . 
gas law and ~aving constant speoif"ic.-, ~eat~. On the other 
hand, Glass and Hall-2. offer results'inwhich ·the real gas 
. effects· have been taken into c6nsideration. 
' ' ~ . . ' . 
. ', .. F'igure 2' is offered· to- ~xemJ)lify · the variation 'ot ·. · 
pxaess·ure·,. t_emperatti.re and density along the shock tube 
. •i • ' • 
after the diaphragm ·1s ruptured. ··. I-:t should be noted 
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. Still a_ higher temperature is· .aohi·e_ved .if' the· shock wave . · . . . 
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· 1s allowed to ·_reflect from a cl·osed low pressure en_d. ·. -_ 
The shock wave Mach nUlllbe-r is determi~ed by the pr·essure · . 
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rat,io and s~eed Of ~und ratio Qf the driver a:nd driven 
gases•_ The maximum performance of tbe shock t·ube is 
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approximated as the pressure di.fference acr.oss the' dia-· 
phragm app~oache·s _-.-- . infinity. The shock wave Mac-h 
number is then given by Equa~ion 1, and is obtained from 
-' . . 
Equation 9 of Appendix I. Subscripts rarer to respective. 
· region ·of Figure 1. This the-cry is for a perfe~t gas. 
. A low.molecular weight driver ga~ and a high molecular 
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.. weigh.t driven gas are desirable f'or th~ ptirpose of' attain .. , . 
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'Ing high- shock wav~ Mach· number'.s. Figure· 3 verifies the 
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·attained by·making the driver~gas-to-driven-gas-t~mperature 
ratio as high as· possible •. This together w_ith ·the molecul~-
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f~brication prob'.).ems •. Heating 0the dri;er ·g·as also intro• 
' . 
duce.s · new· ~ifficulties_~ but this approach· seems most 
. . . 
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. 
f'eas'i'ble for improving the perf'ormance or tl)e simple shock 
~ ~ 
t~be. · Figti.re 4 illustrates how the shock wave Mach number 
,,t.. 
varies with th~ diaphragm pressure ratto · a-nd .sound speed 
ratio. 
The ~shock wave Mach ntlmber. is not the only criterion 
ror judging shock tub·e perf'·ormance •. ,_However, 1 t is a 
"· 
convenient quantity· .for comparing the performance of .. dif·•J 
~~. ferent type shock tubes. It _·has ·been ·.-mentioned that the 
f.low Mach number behind the shock wave is. very important 
. for aerodynamic, testing. . As can be s.een from Fig_ure· 5, if 
it.is assum.ed 1 that· the gases_ obey -t~e perfect gas law and 
. 
have_ constant specific heats·, this Mach number, M2 , 
approaches its asymptotic val.ue very rapid;J.y as the sho·ck 
. ' 
. w·ave MaQh number is increased. Consequently for a movi·ng · 
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shock w~ve in air, M2 is incre.ased very little as the shock. 
' ·<3 
· w·ave. Mach nl.imber is increased beyond the value of -a. 
Results. are also given for M when real gas effects are 
.2. 
taken into consideration.· Fi.gure ·6 elucidates the ·variation 
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or· M2. and M3 with the pres.sure ratio acros-s the rarefaction 
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wav-e .. and s.hock wave respectively. 
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Figures 7, a, ~~ 9 .. ~ ~llustrate how t.he presall:I'e• •'d 
.temJ?era·t.ure. and d~nsi ty: behind _the· -sho~k wave v·ary w1·th . 
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_shock wave Mach ·number. 2 . Figure 10 illust~Et- es the vari• 
··~· 
ation of t·emperature ratio aeroas a normal r·eflected shock 
wave with, incident shock wave Mach· number. It i·s evident . 
. . 
from the·se figure~ tpat · extremely high temperatures are. · · 
~ 
'• 
attain·able in the shock/tubeo 
. ' 
. ·1t,, necewsary .pondition for the pr:oduction of strong 
shock waves in the· simple shock tube is a high·driver gas 
to driven gas pressure ratio. This ratiol1S augmented by--
enlarging the driver gas pressure. Because o:f structural 
'\ ' ' limitations, there is a. terminal pressure for which the 
. 
_high .pres·sure chamber can be desi~ed./ Another means of 
"'· ./ . ,...__... ... · ' .. 
increasing the pressure ratio across the diaphragm. is byh' 
·"""~ 
decre·asing the d·riven gas pre-ssure. ~owever, the Reyno1ds 
number·1s directly proportional to the driven gas pressure, 
J 
and is a parameter of prime importance for maintaining 
. b . . · 2 dynamic similarity in various. shock tube experiinen~s. · 
Consequently, .it is undes~rable.to limit the .range of· the 
... 
Reynolds.number by employing .a.ve~y low.driven gas pressure. 
In summary the. pressure .ratio · across the ¢iiaphr.agm has 
~'' ' .. 
. limitations which restrict the -performance o:r- the simple 
shock tube• 
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--- ... C.HAPTER 2. The Multiple Diaphr-agm Shook . Tube 
. ' 
:Various modifications of' the -simp·le shock tube have· been 
~-~ . 
made to improve its peraformanee;- i.·e., to increase its shock 
wave Mach nwnber driving c~ abili~y. One· such scheme is the 
. . 
multiple diaPhragm technique.112, 5,s This technique is based 
. 
on the principle or sacrificing initial diaphragm. pressure 
ratio to increase the speed o:f sound ratio. Henshall 5 investi-
.. 
gated the possibility o:f employing more than one diaphragm in 
a. constant area tub·e. His studies show that there are t.wo 
types of d6ul?le d·i·aphragm shock tubes, th.e ref]e cted shock-type 
' . 
and the expansion~shock type • 
. ·The x-t diagram for the re!'lect,e4-shock type is sh·own in 
. . 5 . 
· Figure ~l. · The.· second diaphragm is ruptured by a mechanic al 
plunger S()metime after it -·reflects the incident shock wave, 
M86 • The transmitted shock wave, M81 , is then driven by the 
hot compress_ed gas in region 4. ( see Figure 11). Ms3 is deter-
mined from ·simple shock tube theory an~ "the temperature and 
pressure in region 4 are determined from Eqµations 1 and 2 of· 
Appendix II. The part·icle ·velocity in regio~ 4 is zero. 
Therefore~ the· properties behind the transmitted shoell wave 
I: 
. are determined in the same manner as those behind the incident 
.. 
. . 
shock wave. Theory displays that there occurs an _·optimum. . · -
. . ~ .... ' 
buf'fe~ gas pressure .for ~hich maximum .. shoc.k wave Mach numbers 
resulto This 'is demonst1~ated in Figure 12. It is evident 
. that M81 i·s greatly iner~ased by· th·e proper choice ~r buffer 
,/ 
'iJ, . 
. ... 
.. . ~. 
.. 
• > 
; '!-; 
l 
l 
I 
! 
. r· 
.  . 
-
,)..: 
,,t·. 
. . .-
..• 
···1 ·· 
L .... 
. . ·', 
•. ·I 
. -~ 
,·:ii 
f. 
··..-; . 
' ~ .. 
..... ·' 
·. ·:1:· ! J 
:·,. •; 't 
,· -
·',. 
' .'> ... 
. ·\. ' 
I· 
~I,. \,,., 
~· 
. .. 
DRIVER GAS· 
8· 
, 8 
J.' 
\ • .18 -
.. 
SUFFER ;GAS 
.;, 
" 
..... 
I 
.. I 
7 / 5 
I 
6 
:•· 
·.·-
·'-:-· ·.,. 
I 
I 
I 
I . a 
I 
.... , . 
4 
/ 
,,.,r,, 
,, 
.. 
.;: 
•,. 
. I 
I 
I 
.. 
.:•\ 
DRIVE~ 
I 
DELAY 
\• : 
; ! 
.I 
t 
' ... 
' I 
,, 
GAS • 
.. 
'" 
•",:, 
.·.,:. 
·r -----------------------------------------------
·X 
FlGUR.E 11- DOUBLE DIAPHRAGM 4 SHOCK .. 
TUBE (REFLECTED_· .TYPE) CONFIGURATION 
·.-.AND WAVE DIAGRAM (R'EF. 5)._ 
,~ 
f 
·;,1 
't.. 
. . 
( 't,R.ITISM c_f.awt.l coP'( ilAb+IT; R,P~ot)Ul:~ IAll'f.\f Tltt PflMl!>~IOr.) of 1'\H 
e.oiuTQ.01.1..cQ. Of t\f.ll t,~1-rlrllt-.1lc. MA"It~•Y'!> s-c AT10~~.R.Y oF~c., .)' · 
. ' 
~ . .. ,. ' ' .~ . ·- ' . . . ' .. '. ~- ,.,-, .. ,:-.. ·• ' ,• .... 
", ,, ~=, · ... ,., '" ... ,,..,...y.,""''"'"'"'-'-... ···~· - · · - .,_ · • -~· ·, ,· · • · - -·~, .. ,.,.,. ·-~
1 
... ~t¥(1ta1•c1Nd,it0! s~rod?tltrrD71'.i:'t(('.fi:'"l'k ,..,,- l , ·...--..B'ir'T-!!:f"·-•·''"'~.,,.{-
--
' ·- ,-;J_-· :-
· Shock 
l\~ach 
number 
Ms 
" I 
. 
.,. 
9 
' •• 
. . : i. 
. 
•. 
.. 
~ . •, 
• 
6 
.. ·. ·--· -~'ffi.~-~~-.... .,.,.... ......... ,,..--....... ...,_...~,,..,.._. .. _____ .. ~-, ......... ,, .. . 
• . . -- . .... . - .. .. 
• 
• 
• 
~. 
·~-
if' r 6 t-----------.----~~~-----~__;-t------·-------__::.,_--~------_..;......-----------------... 
, . 
' ' I ~ 
' 
7 1-------------1----------~---------4--__,... ____________ ,.._ ___ ,____ _____ .._ .. _. ···-------1 
-
v 
G 
y ( 
. ! 
s 
. . 
.,. 
.. 
4 
• 
B 
. ;ti . 
:7 
\ 
/ L..----------~--..--r---------~-:-----~ ,02 
2 -~ 
10 . ' 
.{ 
-~· 
·" 
• ·,. 
' 
.. 
105 
:: ·J. 
I 
..... 
(0 
' 
I 
. _________ _.._ __________________ --:--------.,;,,,,;,,____;...;.· ·.....;..· _____ _.._ _______________ ...___ 
. -
- ..... ·. 
. . 
0 . . ' I 2 loglO p6/Pt . 3 4 . . 5 ·.· 1 
' - I I , 
l 
. ,. 
Fl G. 12 
: .. 
Double· diaP.hr~m shock l:ube _ r-efled:ed. shock ~P.e. 
. 
. ' 
~ffecl: of varial::ion of inter"medial:e pres~,µ,,r,e- P& on Ms, for given P0 (REF. 5 ). 
• I 
0 . . I 
. - ·;. 
)t· ','. 
. 
. I· 
" . (&t.lT\~" c.ctow~ c..OPVLtG.H1. ~~pQ..ol)~c_~-· Wl~ -rnt P-E:aM.,~~10"1 oF' T\t-·t. 
·\ 
. . . 
- . c.o NT ~OLL-~ It oF H-E; 12_· ~ ~rr~~ \C Iv\ A .r £: 5,. Y '~ ~' A,-'\o N '=. R... "< of Pt c. ~. ~: . - ~ 
... 
• 
} ·,. '} 
. -" 
' 'i 
!· ·,. 
,,. 
J: 
·• 
. '· 
.,. 
- ,- . ,. '.· -~ 
' . . 
' .. f-,.-• 
• ,I . 
• 
- ' ' i . 
.-
. gas pressure when the ovsral]; pressure .ratio across extreme 
~~ds of the shock tube is a large value. 
. ' 
The: other type .of double diaphragm shoe~ tube is the' 
' . . 5 
expa.nsion=i>type. _ Its __ x-t diagram -!s given in Figure 13. 
This differs from the reflected-type in that the second 
diaphragm is w·eak and bursts immediately upon arrival_,o:t' 
. the incident .shock wave. The shock wave·enters a region 
of lower pressure when it arrives in the driven gas 
chamber. A rarefaction wave is thus formed which stre~gthens 
the transmitted -shock wave. As: shown in Figure }4, there 
( 
also exists an optimum bUf'f'er gas ·presaure for which ·maximum 
shock wave Mach numbers result.· By comparing EqU:atl. on 15 o~-
, I 
' 
Appendix II and Equa~on 9 of Appendix I, it is ev~dent that 
the M86 of the expansion type double diaphragm shock type is 
the same as for a _ simple let.shock tt1:be in which 
p4. 2~ ;ri-1 . ~-1 
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FIGURE 13 DOUBLE DIAPHRAGM SHOCK! 
·· TUBE (EXPANSION .. TYPE.) CO~Ft°GURATION 
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- . The Cornell Aeron~utical Laboratory has also done research 
.; 
, 
.on the· exp ans ion-t·ype shock tube • They reduce the solution· ,.,,,; 
.-,, . 
' ' ' 
at the downstream diaphragm to one of a · simple shock wave· ' 
. . •. . ' 1 
interface interaction. The expansion-type double diaphragm 
• 
·shock tube is slightly less efficient than the refle~teq..;. 
type. but it does ·not require a diaphragm rupturing 
meehani·sm. 
/ .. . 
The proper choice of buffer gas is important when the 
driven gas and buffer gas are at the same pressure. On the· 
other hand., the choice. of buffer gas· has 1-1 ttle influence. 
on· the shock tube performance when the buffer gas is at its 
optimum pressure. This is exemplifi~d in Figures 15 and 16. 
Henshall has also ·done theoretical work for a reflected• 
, 
type multiple diaphragm shock tube in which the number or 
5 
diaphragms is gr·eat er than twoo These results can be seen 
in Figure 17. The duration of steady flow behind the shock 
wave is diminished by reflected wave interactions. The. 
frequency of these interactions is increased.by additional 
diaphragms.· Consequently, .too many diaphragms are un;.. 
desirable. The emplqyment of two diaphragm.a further · 
increases the necessity of a long shock tube to m~intain 
a reasonable duration of steady flow. Bird's results show 
that the gain in· M81 due to the double d·iaphra.gm method is· 
eventually cancelled out by the overtaking re.fleeted waves. 
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·cHAPTER 3. The Shock Tube witb- an Area Change 
at the Diaphragm Section 
... 
', 
=• .I 
. ' ' 
~ 
A further simple ~hock tube modification is the an-ploy• 
ment ·o:f· a cross-sectional a.rea change* at the diaphragm 
s·ection· of. the shock tube. Tkis technique has rece·ived 
considera'!'Jle attention in past ·years.1 • 2 , 5,~, 7,s, 9 In 1957w 
·,\ 
·· Alpher and WQite pubJiBhed a report which.critic ally re-
\ 
·------
. 7 
· viewed work achieved by earlier investiga-tors. This report 
. . 
was primarily concerned with the use o.f an area change: at 
the diaphragm section for the attainment of high-speed shock 
. ' 9 
waves. More .. recently, i~ 1960 1 David A. Russell made ED 
inyestigation which covered the complete rdhge pf shock wave 
Mach numbers and possible area changes ·at the diaphragm. 
section. 
The ideal theory of the variable area shock tube is 
' based on the dual assumptions o:f no heat transfer and no 
frictional effect·s at the ·sho·ek ·tube walls. It is again 
a.ss·umed that the gas under consideration obeys the perfect 
gas law ~nd has constant specific heats. In addition, the 
. f\hock wave· format! on is · as S1:,Ulled to occur immediately after the 
. . 
diaphragm is rup.tured. Experimental results verify these . 
. 9 
ass.umptions qui~e well. Employing these assumptions, the 
-flo~ through the area change at the diaphragm. section can be 
treated as a steady is entropic expanst on. \ 
* ' , The cross-sectional area change is hereafter referred to as an. 
area change. 
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..... . 
• 
'• 
' ,,_,,.,.,., ·-,. -.~- •' ,, .. , Y.H,,;" .• •,..i,11,...; "J!QlfLi~t't>;;;iJ,(tl°J '("'· -;.:'. ;~•/..,'.:.'{i,'/d,' "."<.':·,-~, :,. ,i;:<:'({' . .'' 
• 
, 
:~ 
.,. 
,i 
~ 
.~ 
' 
~ 
/ 
I 
I ~ 
'1 . 
<, 
. . -· - -·-· •- • . • .: ... ··- ..-t:. ,•.': i_ ~ ... ' ••• 
.-•· 
• 
-•· 
. 
,I' . : . 
.. · .. • . .-
. ' 
A steady· fiow. expBl?,sio~ is· more ·efficient th·an· an un-
ste-ady flow expansion w~en.the flow'is stib~oni~; i.e., more 
effici.ent -in converting the heat energy': to kinetic· energy._ 
,.-) 
. _,. 5 . 
Th.e reverse is true when the flow· is supersonic. • 7 For 
this reason, a shock tube employing an area convergence at 
; . 
' . 
°""·-
- the diaphragm section ·1s capable of producing a stronger 
" 
shock waye than a simple shock tube op~rating under identical 
.. 
condition$. The throat area of ·the convergence must equal 
the are·a of the J.:ow pressure chamber for ·optimum economy to 
. "be·. achieved. ·rn this manner ~he efficient subsonic steady 
. ' 
• 
expansion is utilized, and the flow is rurther accelerated 
b! an unsteady. supers.onic expansion in the constant area · 
·driven gas cha:rnber. ·This· of course y,ould be the ease only 
if the initial conditions were such as to generate supersonic 
. . r'/ 
f'low ·behind th.a contact surface. · 
The operating overhead of the Eh.ock tube is largely, 
·composed· of the driver gas cost and the diaphragm cost. The 
<U' 
t lat·ter is negligible if' the shock tube· is operated with high 
~ 9 
-; driver pressures. · For tre se con.ditions, the driver gas 
. volume, proportional to the. driver gas pressure, times,. the 
cross-sectional area of the driver gas pressure chamber, is a 
measure of the operating overhead of the shock tubeo The 
' . 
ratio of high pressure chamber cross .... sec.tional · area to low 
l 
.pres.sure chamber cross-sectional area at which the driv.er. gas 
•, . 
vol·wne is minimum is a function of the shock wave Mach number. 
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. ·curves of such functions -are presented in Figu.re 1.9·. It is 
. 
. evident · that when the shoo~,. tube operation is· intended for 
high shock wave Mach n:umbers_, · considerable decrease in 
- . . 
operating overhead _is attainable by modifying the sh.ock tube 
. 
with an area convergent diaphragm section • On the other 
. hand, minimum savings are possible.if operati.oq is at moderate 
shock wave Mach numbers. 9 
-~ 
· area The~ ideal theory for the variable /~hock I· tube, as taken 
rrom reference 7 1 is · presented in Appendix III. ·_The theory 
1.s presented for both the conv·ergen·t-divergent geometry and 
the monotonically convergent geometry. However, only the 
\ 
convergent geometry is -usedat the diaph:ragm s_ection because 
' 
of its greater shock wave driving capability.· ··By comparing 
. . . 
Equations 13 and 14 of Appendix III·with-Equations·10 and 11 
of Appendix I, it can be concluded that 
and· 
P4 
' 
-pl 
I 
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where g is 
"c" d'enote 
- g 
P4 
:I g 
-Pl. • 
;? '"· 
"' 
·defined in Appendix III. 
·the s1 mple shock 
,:, 
·tube and 
,, 
( 5) 
. •· 
·"'\ ·. 
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The subscripts, "s", and 
conve~gent shock tube 
·. respectively •. The maximum value or g, for an infinite area 
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l FOR ECONOMICAL OPERATION -- HELIUM-AIR· SHOCK TUBE 
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· ratio and a driver gas· pressure_ sufficient for ;upersonic 
· · . r.+1 4 . 7 ( flow behind the inter.face), 'is ~ 14 .. 1 • Figure ""''"'''"' ., 
"' 
.. 
cold flow 
. . ' 
. 26 ·1s .. offered to compare the per:Cormance of a ·shock tube with 
various area ratios at -the diaphragm section. It .can be · 
.. 
noticed that increases in area ratio beyond moderate valuea 
:r i 
have. ·little effect on sh·ock tube performance. Also improve- / 
·J 
V 
ment in shock tube performance th:rough employment of an area 
cm nge is of only slight significance. However, improv.ement 
in performs.nee does increase with increasing diaphragm pressur~ 
., 
.ratio. 
Figure 18 illustrates that the double diaphragm_ technique, 
employing an optimum but.fer gas pressure;. offer·s a greater 
increase in shock tube performance· than the area convergence 
scheme. However, when the buffer: gas and the driven gas are 
1 
at; the same pressure· the converse is true. This is exempli-
fied in Figure 27. Included in this figure·· is the performane, 
\' \, 
of a shock tube employing both the ,double diaphragm. and area -
convergent techniques. This typ_e shock tube will be di9 cussed 
later. The author bas added curves .E to Hertzberg B.nd Russo's 
Figure 27. It is offered to interpret theiniportance of heat• 
, . T 
ing the driver gaa .. curve E is for configuration A w1 th ~ = 3. 
T8 
The significance of all discussed- co_nfigurations can be 
realized by ent-ering Figure 27 :for each conriguration at a 
·given~: and examining the respective M88 .that resl.llts. On~ 
P4 
can also choose a desired M88 and.determine the ·necessary p 
8 
for·~aeh con.figuration.· A·. 
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shock Macl:) number, helium driving into 
nitroge,n at tbe s~me temperature. A plot of 
. shoc:k strength P2/p1 versus shock· Mac}:l 
: .. number is included ·for reference!REF. 7) . 
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As previous_ly a;~cussed, ,.µpher and Whit~ e·xclude the 
I . 
. possibility of an upst·ream. facing shock wave formcation down-. 
stream of.·the convergent-divergent diaphragm ·s.ection. This 
. 
. .. 
,f,;., ,. 
. 0 ~ . • 
. . 
possibil!ty has been taken into· consideration for a convergent-
diverg~·nt d-iaphragm ~ec~ion by Russell •. His theoret~cal 
I 
results show that four possible flow conrigurations exist: 
( see ·Figure 28 ). 
1-. · Expansion wave conti.guration a·ownstream ot 
.diaphragm. 
2. Shock wave configuration downstream of diap~ragm. 
3. Shock in nozzle configuration. 
·4. Subsonic nozzle config~ation. 
Configurations land 4 are treated as previously dis~ 
·cussed. u1 , ~he velocity downstream of the· contact surface, 
~is. :fixed by the shock wave Mach number M8 , while u 2 , the· 
·velocity ·upstream of the contact surface, is fixed by the 
a 
. 
diaphragm section geome'try. If 1\>u2 then configuration 1 
t ~ . 
results; if u1<~ then configuration 2 results. - Configuration 
. , 
' ' 2 is characterized _by an upstream facing normal shock wave 
, 
located downstream of the nozzle. This ~s necessary to adjust 
u 2 to· the s am~ value as u1 • As M is decreased, the normal s 
shock wave bec·omes. stronger and eventually moves into the 
nozzle, i.e., the convergent..;_divergent area change is treated 
.' .... , ' • ! ... ., ' -1' 
as a supersonic nozzle •. Configuration 3 is t.hen achieved• 
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Conr1gurati~n 4 occurs when -subsonic flow is present through-
. ·9 .. ,, 
out the nozzle. , Figure 29· illustra.te:s the regions of 
applic.ation of the various configurations. 
Ru-ssell 1 s experimental results show that configurations· 
·' 
2 and 3 do not· occur as theory predic·ts·o · He therefore con-
clude a that the secondary .. shock waves should be replaced b.y 
many weak shock waves. Finally he developed ·a new theory 
based on this assumption by replacing the·· se·eondary shock 
wave model with the "Fanno Process Model". This new theory 
agrees remarkably well with experimental·results. Russell 
.. 
is not interested in. us.ing the area change :for the production 
, of strong sho_ck waves; thus. a discussion of his efforts is· of 
no concern at this point. However,.he emphasizes that the 
tf 
rate of shock wave attenuation is not affected by the area 
.. 
change. 
In all theory that has been presented, the area change 
'I 
at the di.aphragm is a·ssumed to have no characteristic axial 
length. In actual shock tub~ design this axial length should 
be taken into consideration for predicting the flow situation. 
In order-to construct an accurate x•t diagram, the method or 
characteristics with an area change would have to be employed.-
This is a tedious qperation and for the amowit · of' effort in-
volved the r ew·ard is questionable. Considerable decrease 1n 
. operational_- cost can be realized bi~ the emp·loyment of an area 
·\ 
! .. , 
',· 
" 
' 
, 
(, .~.<·!·l"I"' ... ~;,.:~, .. ~~ r.,,'.'• ~, ,. ,c", · • .'.•.a,·1 ~•~•.,1,-,\·.~., ''!.-i.!.·"'1//,,,J,/ i.,!::'•',:I)' ,/~·'",I, '. J•,:·.~;:! ,;, 
. ,. 
\ 
-· 
.· 
:.: 
~-
··-· ·! ,~., ... • 
,· . 
,,,. .• 
,· ..... 
. / _ . 
. ' 
·• 
I 
i 
I 
• 
.,,, . 
i 
i 
'/ . 
-~ 
\\ 
• 
-
. . 
·' 
- 39 -
I I l ~ S_U8SON;C N.OZZLE 
SHOCt<-li\J-NOZZLE 
' 
. 
-
•-" 
I I I 
' 
' 
f, t Q ~ r ·, :\ I \ EXPANSION j ' \I ~ 'H Ji-"'"'\.,. 
vi 1r S~lOGi, VJAVE VJAVE 
°/ t ; I 
a 
_,. !J 
1 
u. 
,1 -
. 
. 
0.1 .. ·-I• 
-· '· 
,; 
I 
'~l I NITROGEN-AIR SHOCK I I ~ . , ' - . . . .. . 
I . 
. 
i 
0~01, • 2 4 
. I ... I I 
_ SUBSOf\JiC 
-
SHOCK-IN-
NOZZLE ! NOZZLE 
I 
- ' 
L 
1 )1 
,., 
" 
. . 
TUBE 
6 
. r' .,, .. ,,. .. 
. 
• 
8 10 
/ 7 I \ ~ 
I I NORMAL · EXPANSION SHOCK WAVE WAVE 
. 
/ ... 
0.1 -
' 
. 
.__, 
HELIUM-AIR . SHOCK TUBE 
. 
. ' 
',~ 
Ms 
0.01 
I . 2 4 -~ 6 
.. 
\ 
• ·.!I>.· 
.. , 
• 
t=IG. 2 9 CONFIGURATION BOUNDARIES FOR . A4/A1 • I (REF. 9)' . 
• 
. . 
• 
I, 
I 
I. 
I 
( \ 
. ) 
,'. ,. 
•IO•· 
-· . 
• ~i I 
:,, . 
,change at the di~phragm section, but little improvemen.t in 
·sho.ck ·tube performance can be anticip~te·d. 
The area convergence does not have to· be· confined· to the 
diiaphragm section. It can also be uti1ized at some location 
downstream of the. diaphr·agm section. Various investigato,rs 
al. t · 1 s,10,11,12,13 have theoretically an yzed this op o. · · 
Laporte has investigated the possibility or a.con-
striction as shown in Figure 3o.10 He presents a complete 
theoreti·cal analysis which conclude~ that two.,~ different !'low 
situations exi·st. The first situatl. on, Figure 30 1 occurs· 1:f 
M \~ M4<M* and the second si tua·t1 on, Figure 31, if' 4~~'-. M* is 
determined by setting ~=l in the continuity equatl. on which 
pl is applied to the regiqn between the entrance and exit of 
'\ 
the area constriction. The flow there is assumed to be 
" . 
- adiabatic. M* is therefore fixed by, a given area ratio-., while 
· ·M4 is re·solved by the init·ial shock wave Mach number. In 
.... 
most instances the second situation exists if the area con•. 
strictr·on is· used for the production of strong shock waves. 
. . 
-~ 
· M4>M ror even moderate values of incident shock wave Mach 
number •. 
The flow situatl on of Figur·e 31 1)1 al.most identica1 te 
t 
the flow situation ·that occurs in an area convergent diaphragm 
section. The difference is• however, that in Figure 31,. the -
state of ~e gas entering the area constriction is determined 
by the strength of the reflected shock wave. For the case or. 
1 
- ... 1. ' :-: 
/ 
_..,. 
[. 
, V 
e 
', .... 
. . 
·~· 
,-..,r. 
. - . -, . _.,. _.. ... . ·: -
. . , 
. .J.·.. . 
V 
... 
·P. 
I 
~ 
-
. ' 
"· 
. - .41 -
. ... : 
I• 
_. ' .. 
,% 
-·· -.. . ;. ··~ . 
./ 
. -~ --·-· 
. . 
Yo= PVp 
. 0 
BEF0RE 
~ . 
'. 
C 
C, ; " . 
' . 
"' p4 c4 p3 u, ~· Ca;· . 
U4 U2 :> c.., 
AFTER 
FrG. 30 WAV.E INTERACTION 
A · CONSTRIC-TlON ( REF. I 0). 
. . . 
; 
.. 
.. 
~--..-,--
. \/. 
.~. ' 
' 
c2 
U2 
-
-
C 0 
• 1: 
-
~ 
Y. = P,,, T o,p 
2 
WITH 
. .. 
.. 
. I•<'\ 
.. 
, . 
• 
. . 
.·~-- . ~· 
., 
•.• • I'::..~ I';;.: 1-'t),I · , • 
., 
... '. ·. 
.•:\ .. 
Po C 0 
!>. .,_: 
.• 
. ··\. 
•. . \ ·). 
-~: 
~·· 
.. 
~· 
\.·, . ~ 
.... v:-
< 
u I pl 
.. , 
•. J 
, . 
... 
. 
r u··p C.~ 
' 4 4 .... 
. 
l 
( 
t . . 
.. , •', 
- 42 -
~. 
-· 
,, 
., 
... 
< 
c, Ua= Cs, : I ~, U2 C, .. R ~ l ••• - ..__ ... !! 2 ~ I 
~ ~ 
... 
· FIG. 31 
A 
.. 
.. 
I 
I 
I 
t 
I-
IN·TE.RACTION WAVE 
cor~STRICTION (REF. I 0) .. 
--"'!,.. 
•·. 
-· 
-~ .. 
,r 
P2 
> 
,. 
.. 
,, . 
., 
U2 Cz" 
p2 
J l 
,. .~ -· . 
W·JTH 
+·· 
.. 
··· .. 
'O 
·,. 
, . 
,. 
.\ .. 
" 
.., .... 
, 
O~-Qo 
I 
._,,., 
\ 
' 
·1 . 
l 
., j 
.'·'-':\·.:.: .. _.,, ... ·,,. 
; '• ... ·_,...._ .. "···.". 
'_.i ' . '. - . ,' ~, 
. ,~--: .. 
;· 
·.-: 
. -~· ·.·.: ·~~;. " . .:.- ..... . 
.. 
' ' ~ 
I• 
.. 
---
, 
,., 
.. 
•·· I 
~--- ,, 
' . 
- ' . 
an area cpnvergence at the diaphragm section, the state ot · 
. 
. the gas upstream of the area conveJ'gence is iletermined ~ 
. 
. ~ 'I 
directly by the loading conditions of the driver gas ch~ber • 
.. 
. , 
Similarly, the shock tube/employing an area constriction down-
-~tream of the diaphragm section ha·s an increased shock wave 
driving capability over the simple shock tube. · The degre.e of 
shock wave strengthening by· an. area constriction is shown in 
. Figure 32. The curves of Figure 32 have been plotted from 
corresponding tabulated data of reference·10. Strengthening 
. . . . ~ -, . 
of a shock wave by-~ converging channel can never exceed 70 -
' percent. This restriction occurs because the strength of 
.. 
the transmitted shook wave is a function of the re.fleeted 
shock-wave strength wh~ch is known to have a finite limit 
. above which it cannot be increasea.10 The anployment of 
more than one area constriction can increase this total· ampli• 
fication factor for the shock tube. However, too narrow of a 
channel ,is undesirable. For a given shock wave Mach number, 
there exists a shock _tube diameter for which boundary layer 
closure occurs· upstream of the interface. Thus available 
testing time is not sacrificed. Consequently there is an 
optim~ shock tube axial length to cross-section diameter 
· . 2 16 
ratio for which the shock tube must be designe do ' -
As can be seen from Figures_ 30·and 311 Laporte predicts 
a shock wave reflection from the area constriction.. . Oppe·nheim,· 
Urtiew and Stern11 have investigated the possibility ot no 
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shock wave reflection. They resolve tha·t there ere· two 
· · critical area ratios, '\i an~ Ai: For area ratios g;reatel,'I 
. . . . * ' ,,~ .,, . ·, 
, than Au there exists a refleo.ted shock wave; . f o:,.- · area rattoS 
less than AJ. no reflected shock'w ave results. , The range of .. 
area ra.tios between Au and Al is a region of ambigui tye It 
is concluded that three possible solutions exis.t in this 
region. They are: 
1. No reflected shock wave. b 
~-' . . .. .. . . . .. . 
' 
2. Reflected shook wave stationary within eonveI'gence. 
3.· Reflected shock wave traveling upstream. 
Rudinger has supplemented the above·work and concluded 
tha·t only that solution where no reflected shock wave exists· 
,, 
is possible in the :region of ambiguity.12 This conclusion 
·.i:. 
is obtained by considering an area that decreases·monotonically. 
Rudinger's proof considers the transient phenom~na that 
. ' .... -. . ~ 
precedes the establishment or the final flow. The amount of 
shock wave anplification for an area rfl,tio less. than Au is 
so slight that area ratios less than Au are never used for 
the purpose of producing strong shock waves. However, the 
existence of a range of area ratios for.which no reflected 
~ shock wave results is of significance. 
" 
The Cornell Aeronautical Laboratory refers to the. 
. 1** . 
"Telescoping Shock Tube" as a Eh ock tube with an area con• 
striction used in conjunction with the double ~iaphragm 
driver •. The telescoping shock tube, how~ver, ·is no different 
a 
, ' 
. j( . 
* In this case A = _!. where subscripts 1 and O correspond. 
locations in Ao Figure ·30.0 · 
·~· 
.; 
** Thi~ term was not originated by Cornell Aeronautical Laboratory. 
· It was· - originated at Corne.11 University and can be ascribed to · 
·reference 8 of this ~eport. 
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from a shock tube with an area convergence·downstre~ ot 
the diaphragm section, except :for the addition of a weak 
secondary diaphragm_ which s ~rves .only to· s,eparate the buffer 
. 
ga.s from the driven gas. A dia·gram of the"~elescoping Shock 
Tube" is shown in Figure 33. 
;. 
The choice of buffer gas m.d buffer g·a.s pressure is 
determined ·by the sam_~_ reasoning that applies to the double 
diaphragm anock tube. The Cornell Aeronautical Laboratory / . 1 specifies thatma10txmbis the best choice of buffer gas. The 
. performance of the telescoping shook tube is illustrated 1n-
Figu.re 33 for various combinat·ion·s of driver, buffer, and 
driven gas pressures. ·Its performance is compared with the /_./ 
performance of other type shock tubes in Figure 27. The 
above is an, example of two types . of shock tube mpdificati.ons 
' 
(-
' I employed' in conjunction with each other for the purpose of 
. ' -., 
.. ~ 
improvirig shock tube performance. Any number of modifications 
can be applied to a single shock tube. For example, heating 
the driver gas of the telescoping shoe~ tube could further 
improve its shock wave driving cap abilities• 
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CHAPTER 4. The 
l> 
The shock tube modifications previously considered . 
. ,. 
have been intended for the generation of high sh9ck wave 
. ' 
Mach numbers. Minimum compensation results from the use of 
these modifications if theultimate p·urpose f'or increasing 
the shock wave Mach number is. to increase M2, the flow Mach 
·number between the fil ock wave and interface. , M2 becomes . 
almost independent of the shock wave Mach number at its 
, 
asympotic limit. This ·inherent limitation of M2 can .be·· 
,realized by· inspecting Figures 5 and 6. Large valu~s of M2 
are essential if the shock tube is· to be used as a wind 
tW1I1el. For this use then, an additional modir:1cation must 
be applied ~o the conventional shock tube. Such a modi-
fication is· the addition of a supersonic nozzle to the down- , 
stream end of the shock tubeo The supersonic flow between 
the shock wave and interface can thus b~ expanded to higher 
M~~h numbers. Such a modified shock tube is termed th·e s.hock · 
twinel. It 'bas also been re.feri-ed to. as, the 1mtu1s e tunnel. 2 
The earliest capabiiities of the shock tunnel were· 
a,monstrated py Hertzberg14 .and Parks15• By 1954, Yoler and 
,'I 
. Hert.zber,·g e~ounded further on this topic in complete ig-
n . , 
- -\..~, ·. 6 
norance of each others et'tc,rts. · · Since then the Cornell 
Aeronautical Laboratory, under the direction of' A. Hertzberg,-
. h~s vehemently endeavored to improve the shock tunnel as· .a 
hypersonic testfacility.2116• 17 
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The Cornell Aeronaut.ical Laboratory has devised thre• 
methods by which the conventional shock tube can be 11rodified 
. ' ,. 
for the·purpose of producing hypersonic short duration steady 
. ' 
. 
. 
flows. These three ne ·thods are "the '"refle eted me·thod", "the 
- - - 1s· 
nonreflected method", end 11the _ nonsteady expansion method". 
.. , 
The addition of a divergent nozzle to the downstream _end of a 
conventional -shock· tube constitutes the nonrefle cted methodo. 
The initial driver gas pressure must be su.f'f'icient to create 
-supe-rsonic flow- in the region 'betwfl&n the shock: wav.e and. -
interface. This region o.f steady flow is the·n allowed to 
expand through the area divergence· to a hypersonic velocity.· 
.. 
.. 
The test section is located downstream of the area divergence. 
The reflected method is achieved by the addition of ·a 
convergent-divergent nozzle to the Qowns·tream end of a con• 
-, 
ventional shock tube. ~he area change of the nozzle is 
designed so that the -incident shock wave is nearly completely 
reflected. This shock wave reflection creates a region of 
hot, compressed· and stagnant gas upstream of the nozzle which 
then expands through the nozzle to a hypersonic Mach number. 
The nonsteady expansion method differs from the nonrefleeted 
method o.nly in that it utilizes the region of steady flow ·-
.. ' 
upstreapi of the interface for testing purposes. Also this 
flow is still cold flow and must be preheated for the purpose 
of .free flight simulation. The gas· in this region does not 
~:~.fer from the s eme inherent· Mach num.b·er limitation as does 
•' I 
, ,., --·a~ • ,,.. -,.. ..·-· 
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. . . 
.. 
the gas· ·1n the region between the shock wave and interface. 
The chief drawback of this method is the extr~mely short 
' . 
testing times that are a·vailable. Also the quality· of flow 
" -
upstream of the interface is unsatisfactory for testing 
. 16 
purposes. Figures 34, 35 1 36, and 37 are wave diagrams 
for the nonreflected method, the reflected method, the re-
. fleeted method with ta:l.lored-int·erface modification, and 
the nons~teady expansion method respectively. 
The shock twinel presently used by the C-ornell A-ero• 
. . ;; '.' "'. . :~ : - . . . ... -· ... 
·naut1ca1 Laboratory employs the nonreflected method for 
expanding i'the gas to higher Mach numbers. They have con• 
sidered using the nonreflected method. However the .reflected 
r 
method employing the tailored interface modirication seems 
more promising. This· .is due to .the longer testing times 
that are available and the higher quality· flows that occur· 
• in the test section.16117 The tailored interface modification 
consists. of matching the state of the gas on both sides of 
the g·as interface, so that the reflected shock wave can pass 
through the interface without further reflection. These 
states are matched by controlling the-initial conditions 1n 
·the driver gas and driven gas chambers. Figure 38 illustrates 
the· lerigth of testing time :for the nonrefle ct~d method, the 
. . 
reflected method and th'e re:flected method employing a tailored• 
interface modification. 
,The. shock tunnel has be'en used to simulate flight re• 
entry conditions; although not all parameters can be satisfied 
y 
\ ,.; 
. . 
' : r 
, 
:' 
I 
I 
\ 
l 
' 
• 
.. 
''f 
... 
... 
;.. 
/ 
·.• 
\. 
VIAVE DIAGRAtA 
.. 
•. 
,t.: 
RAR£FACTIO!./ FAN 
. . ... . 
. 
. •:•:•:•:• 
.-:•:• .• .· ....... .. .. ..... . ............ . . .. . . . . . .. . . . . . . . . . . . .. .... . . . .. .. . 
. : .-:::,·:-:.-:-:::,:.-:-::-:.-:-:::•/::::,::·:-::·:::-:.-:-:.-:-:.-:-::-:.-:-:.-:-:.-:•:::,::·:: f ::}}{:}~::::::;:::::::::::}:}::}:{:{::::::{:::::::::::::::::::::::::::::::::, 
·?·::::-::::::::::::::,· .:_..::{:::}:}::::-:}:f :}::{:·:}:::::::::::::::::-::::-::--
. ... ...... . . ... : ..................... : .................... . 
·,.····::: . .................................................................... .. . .. .. . "'• ............. • .................... . : ... . . ................................................ . 
..... · : :::::.-::.-::.-:::::::.-::.-:."!.:::.-::::::::::.-::.-::.-:::-·:::.-::.: .. : ............. • ............... •, .• ...... : .... ;: ...... . . .. .. ..... 
. ............ . :::•:•:• nrGION 4 ::::•:·:-:: ::·:·:· n e, :-::·:·:·:· .................... · .................. •: ........ ··:: 
...... ·.·.:.-::.-: .... · .... · ... .-.. :.·.-:.·.-::.-·.-.. ·.-.. ·.-:.·.-::.:.-..... · ..· .
... ..... ~ ........... ...... : ................. : ........ : . .. · .................. : ................ . ...... : . : ...... •:.: ...... •: ...... . . . . . . . . . . . . : ........ : ....... . 
·: ..... · ........................................ :,: : 
.. ...... : ..... : . : . : . : ........ : . 
. : .............. : .. · ...... ...... : ........................... . . . . . . . . . . : ........ : . .............. ............. •: 
.· ....... : ....... : ...... -.. .. 
. . .... .... .... : ................. . 
.......................... 
·:::: ':.•.: ...... .. 
. . . : ....... . 
. . . ... ... . . . 
. . . . . . ... 
... : . : .. · 
............... 
. . . . . R £GION 5 ·:·:-::-
OR/VER 
I 
0 
-
51 
-
·''·"~.-,-
;.•:1·-:·" 
FOR T/-1£ NONR£FL£CT£0 (REF. 16) ~ 
.• 
-~ 
REGION 3 
.. 
I 
I 
•.; 
I 
I 
I 
,'l 
REGION I 
LOY/ PRES SUR£ 
F!Gt/RE 34 
I 
I 
SECTION f• ,. 4 
• 
. 
• 
·£----
' rESTING TIM£ 
• 
,· 
·{ 
L X 
' 
.. 
/ 
,,. 
<' 
·:=· 
• 
.; 
'1 
~ 
I 
., 
I 
I 
! 
·., 
, .. 
• 
.• 
... 
-
52 
-
·'· 
'\ 
~-
'I.. 
WAVE OIAGRA/11/ FOR 
(REF. 
FLOW THROUGH IJOZZL€ IS 
ASS1JIJ£O 
-EFFECT 
ro HAVE A IJ£SLl&l8LE 
ON THE WAVE DIAGRAM 
. . .
....... 
············· 
..•.•.•.••.•..... 
···················· 
. ..... 
··········· 
. ......... - ... . 
~················ 
...••..•.••.•..•.•..• 
·· ....•..............•.•.. 
················································ 
·-··············································· 
................................••............•.... 
··················································· 
··················································· 
......••...••...•....••......•.•••••............•. ..•..•..•..•....•....••...•••....•.••.....•....•.•. .•..••.••.•.•.•......•.....•....•.••. ~ ..••....•... .......•....•....••......•.....•• 
································· 
.......•••.•....••..••...•..•....• 
...•••.•.•.. ···································· 
·········••t ................................... . .......... ......•.............................. 
. t. I e. I • e e et e • t t e •. e • e. e • e 8 e I. t tee et t • • .................••...•...•......•.....• .....•....•......••.••••..•••...•.•...•.. .... ........•..•...........•.................. 
. ::g~g~R £G ION 4 :::::::::::· 
REGION 5 
I 
0 
I 
1 
REGION 3 
! 
.. -
( 
. ,, .. 
TH£ REFL£Cr£o IAETHOO 
i 6) 
-~ 
REGION l 
OR/VER LOW PRESSURE SECTION t• 1.4 
FIGURE 35 
,, . 
• 
'· 
• 
-£--..--
-~ 
TEST/NS 
TIME 
L 
' j 
! 
l 
I 
I 
.? 
I 
A 
' 
j 
! 
• 
• 
., 
, . 
--
53 
-•.: 
. ~ '. 
4 . .. . 
.•. 
·''····, 
·~~· 
, 
.·• 
J,YAVE OIAGRAl'II fOR Tf/£' AIR-AIR 
(REF. 
TAILOR£0-JNrERFAC£ tAOOIFICATION 
16) " 
FL Ot'I THflOUGfl NOZ ZI. II IS 
• 
ro rJAV€ 
THE 
IJEGL IGISLE 
WAVE DIAORAfJ 
A.SSUMED 
EFFECT 0/v 
A 
.. 
·-. .. 
- .. ~·.--·.,.· .• .• i 
•"•••• • 
.~.• • • ••• •.,-.•.• • • .. • •·' _· • •••••a 
.·.•.·•· .• •.••·•·. . . . ... _ .• •.•.·:····--~-.·.·.·.·=··········-·.·:················ 
. . · .. =·: •:•:•:.:. ·=: =·:. =· =· =·=·=· .... ·=!: ·=·=· =· :--·=·:. :.• :-•:.: ·=· ·:-:~: •: -:~:-:. ::•:•: •: ·=·: •:• :=·=·· 
:=====~=f =~=~=~==~=~=~=~~~~~~~~=)=f=~{~~{~~~=~=~=~=)~~~~~~f =i=~=)=~~f ~f ~~~=f {:i:Hf~}(=~=f =i=~f ~~~ff }i}f :/=·· .·. ·.· ... ·.· ... • ..... ·.·.·. · ... ·. ·.· .•. · ....... •···· .. ·.· .. ·. · .... ·. ·.· .· .· .. •, .. · ..................... · ......... • .. 
·.·.·.·.·.·.·=·············· .·.·.·.·.·.·.· .·.·.·.·.·.·.·.·.·-·····-·.·.·.·.··-·.·.·.·.·.·.·.················ •·.·.· J~i~J~~:]:~{:~jjf ~i=t~-==~~f ~~~}~:;:~~j}~~}f~~J}:~:}[i}[~{}):~if f}};~;~:~}}:}{)f ~}:i:}:~}:·· . 
: ·=·= ·:=: =·: ·=.: .. ~~ .. : : : : . : . : . =·:. =·: •: ::: • : • : . : . =·:.:.:;: =·: •:.:.: •:.: •:: •: ·=.:.:.:.::: ::: . =·:.:.:.:.:::: .• 
•: ·=· :•:-:=:=::I. a·= e :•: •:: :: : :: : •=·:I: a:•:=::::::•: I: a:-: a::::::::.: a:•: a:::::::: e: e: e: e: e: :: : :: I:•: a:•: I• . · ....... •.· . · ... · ..... · ....... · ..... · ... • ........... •-. ...... ~. · ..... · ....... · ................ . . . . . . · ... · . . . . . . . . .. . . . . . . . · ..... · ................ · ... · ... . 
• ••••••• .. :r' ••••••••••••••••• ,,, £6 /Q'J./ 4 ·.·.·.·.····-·.·.·.·.· .·.·.·.·.· .•.•.• ~..;.:.•.•,•.•,•.•.•.·.·· re . Ill •.•.·.•,,'.•.•.·.·.·.·=··.•.•,• .... _,. ....... •.......... . . . . . . . . . . ........... · ... ' ............ . . . .. . .•. · .................................. ; ............... · .................... . 
. ·. ·= ::::: :: : : : : ::: : : : : : : :=:: :: =:::: := :::::::::::::::: ::: :: : : : : : : : : : : =::: :: =:=:: =: =: :: : : :; :;: : .. 
. ........ . · ................. · ... · ..................... · ................................. . . . . . . · ......................................... ·.· ..... . 
·.·.·.·.·.·=·=··· ·.·.·.·.·.·=······· ·.·.·.·=·········· .·.·.·.·=····-·.·.·.·.·=······ 
··: :: :: :=: :: :: : : : : : : : : : :; : : : :: : : : : :: : : : :=:: :: =::: =::::::: :: : :: ::: : :::::: :: : :=::: 
..... ·.• ...................... · ........................ . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . .. 
·. :•:•: --: -: . : • : =::.: ·=·=.:.: •:.::.:.:.:.:.: •:.::::::.:.:.: •:.: ,: : : : •: .............................. · ........ . 
..... · ... · ..... · ........... · ........... · ......... ·. ·.· ... . 
. . . . .. . . . . . . · ... · .......... ·. · ................. · ..... . 
. . . .. . . .. . . . . . . . .. . . .. . . . . . . . . · ................ · ..... . 
....... · ....... · ...... · ..... · ... · .............. · .. . 
. : ............................ " .... : ....... · ..· .. 
. . . ·. ·. ·. · .............. · ............. · ..... . 
. . . . ·. · ....................... : ......... . 
·.·.·.·.·.·.·=··-·.·.·.·.·.·.·;·:···· 
REG/Or/ 5 
.... ·•·. · ............ ·. · ......... .. 
.. ·.· ...... :.: ....... ·.· ...... . 
· ... · .................... . 
. . . . . . . . . . . .. . . . . · .... . 
. . . . . . . . . · ....... . 
. . . . . . . . . . . . 
........ •:. =· . 
. . . . . . 
. . . . . 
. . . 
. . 
. . 
.. , ... 
:•·. 
I 
0 
I 
REGION J 
DRIVER LOY/ PRESSURE SECTION 
l I 
1 
FIGURE 36 
-~-
..... 
,,; .. 
REGION 
I 
I 
REGION I 
I 
I 
7 
1, • 1.4 
\ 
~, 
~I 
~, 
~ 
ct I 
I 
I 
-£ 
L 
TESTING 
TIME 
• 
.• 
• 
• 
- 54 ·-
• 
• I 
.\ 
,. 
WAVE 0/AGRA,~1 FOR THE NONSTEAOY M£'THOO 
' (RE·F. 16) TES.TING 
J' 
1JMEj 
----
8 
' 
• 
·t' 
... 
. ~ 
·.ti. 
o· 
REGION I 
9 5 
0 L 
• 
LOW PRESSURE SECTION r&./, 4 
A 
PREHEAT SECTION 
' 
.....__-ORIV£R CHAMBER 
-
"' 
FIGURE 37 
, .. 
. ·- .... '. ··-\ 
. 'I· 
.... 
..... 
300 
l 
~ 
~ 
~ 
• 
' 
I 
I 
I V) ~ cs 250' 
~ ~ Q: 
-~ ~ ~ 
~ 
CQ 
~ 200 
~ 
~ 
~ 
:z: 
<I) 
~ 
~ 
~ l&":i 150 
"' 
~ 
~ 
~ 
.::: 
~ 
~ 
......: 
100 
~ ~ 
' 
' 
so 
0 
I 
I· 
I 
• 
-
55 
-
TESTING . TIME· FOR FOUR MODIFICATIONS 
r= 1.4 7; =·5/8.4°R T, -=39/.8°R (REF. 16). 
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simultaneously in one· test run. -The ·procedure' for simulating 
. 
fligh.t re-e~try conditions with the shock tunnel is des-
cribed in refer~nce 17. It is too vast a ~opic. to inelud~ 
·in.this report. 
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CHAP!'ER·s. · Driver 'l'ec~iques 
_Strong shock waves are necessary to· achieve high Mach 
numbers· and stagnation temperatu!es in the shock tnnnel-. 
I • 
Once again the d:Js cuss ion reverts to. the problem of how to 
produce stronger shock waves in the shock tube. One driver 
technique· for increasing shock tube performance that has 
·-
not· been mentioned i·s the use of internal combustion. as a 
& 
means of' heating the driver gas. Exceptionally ~trong 
shock waves can be produced by using the combustion driver 
technique.·· Evidence· of this is shown in· Figure 39. 
·) 
The internal combustion process can be a· con_stant 
pressure or constant volume process. For the constant 
.. 
. , 
pressure process, the diaphragm is fabricated to rapture . 
' immediately after· ignition of the combustible· mixture. 
This is done by sc~ibing a cross mark of predetermined .depth 
on the diaphragm so that it ruptures at a pressure which is . 
· slightly greater than the loading pressure of the driver 
-
gases. 'Combustion occurs within the driver gases as they 
expand. Therefore, it occurs at essentially constant pres-
. sureo For· constant volume combustion, the pressure at which 
' 
' 
... 
the diaphragm ruptures is slightly less than. the peak pressure 
, 
during combustion. The shock wave generated by a combustible 
driver travels at a speed which varies inversely with 1he 
\ 
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i 
ratio for three typical driver gases, (a) combustion of Oz, 
H 2 and N2 , (b} co~d hydrogen, and (c) cold helium (Equilibrium 
air is the dr.iven gas). Experimentally measured values are 
shown (REF.20). 
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rupturing pressure of the diaphragm. - Stronger, shook 
~ ..... 
waves can thus re·sult from the constant pre~sure combustion -. 
technique than t"rom the constant· volume combustion. tecbnique. 
A sh·ock wave,. q.riven by the constant pressure combustion 
technique, suffers from extreme attenuation. This is illu-
strated in Figure 4:q. Because of this strong attenuation, 
the flow behind the shock wave does not have constant proper-
\ 
ties. This is. _especially· undesirable in shock tunnel research 
- 19 because steady .flow is not. produced in the test section. 
It is_ difficult to fabricate diap~ragms that rupture attn 
~ . I 
exact predetermined driver gas pressure. Therefore true 
constant pressure combustion rarely occurs, and the streng1h 
of the shock wave that results lies between the limits repre-
sented by constant pressure and constant volume combustion. 
In"variably, a weak diaphragm is occasionally encountered 
which ruptures .before the driver gas chamber is fully loaded. 
(For these ·rea~ons constant pressure combustion of the driver 
' 
0 19 gases is .. not used in many testing facilities. '" 
Constant volume combustion of the driver gas is the 
. · 21 22 technique emplo-yed by the General Electric Company ' and 
the AVCO Research Laboratory. 20 The most commonly used 
combustible driver is a stoichiometric mixture of hydrogen 
and oxygen, and helium. The per~entage of helium 5.-s. usually 
between 70~ and 80% •. Thus~ the combustion process heats the 
...::--- - . 
.·· ·.> ..J 
.'J. 
.. . 
\ 
, -r-• • .a'" t· , -- -· ... ,n: ., .. ~,,..:. •,.··,~,-,.1, 11;,, ·-:-:;,-,'(,.,;:. ;, • .- , ,, •• , ,,, •• , " ·.: ,·· ,· :•· :, /'l·•·l.1-"/.''':.,,, 1~• .~··' ,,; ··,;.• '; ,, -.~ 
. i' . 
' . 
12 
I I 
10 
.;._ 
9 
., 
:z 
.. 
.... 
a: 
I.IJ 8 
m 
~ 
.. - :::, 
:a: 
= (.) . 
i 7 
L&J 
> 
C 
Ji: • 
w 
c.> 
. C) 6 
= Ct) 
6 
3 
·-
,.. 
-- 1
1
= ----r~~~1~--~-r~- ·-i---,----1---- i ----'i,~----.,1,_ ____ ... 1 ______ ..,,----... ·-·-----.. ;-----"'t- i --·-1------:.: ·---T·---~-r··~·r·····:,..-
, I. I I I I I I I I I I t t I• t . :. . . . . . . : . . . . . . . . . I . • I I I I I t I I ·'- I - I - _.L . I 1- : -:----- . .. :·- ----.--~:-----..... -----··-----'!~----~-----.-------·-----~----,----·------.-------,-------·--·-···--.-:------.. • • • -., • • • : : : : • : :· • I . . . : . . : . . . . . . . .. . I I I I I t I I I I I ·' I I I t : • • •,. • • ' • ! • • • •• • . • : . . . . ' . . 
• 1 
-.! • _,. • • 1 • : • •. : • • : 
.... --- -- " t ,---•-- n\ir., .. ,S 1271-12-,r' " I ,.. •---- .._1.---._----------2----·--,------.. •-···---.--1. ..... , 1 • 1 1 • h UH I~ , • " • , • , • , . 1 
0 
i ! : i ! : i : : ! i COHSTt,nT PRESsur,E COM BUST I or; ! : !, • • • • • • • • • • • . I I . I I •t I I I I a I I I 
-.... -... : .... ~-•6......:~-~-'-----·-.---:-------· --·-------'------..- __ _...__ !-.-.-
------·--·---·~-------.. • • : • • • • • •· • : 7c1 0 I n rf 1~ . 79d u • •· • : :: : : : : : : : : : : p 2, .__,;J ,ri, p ue : : : t I I I I I : I I : I ' I : I 
II ·1
1 1 11 1 1 I 1 11 I I I· I, I I I • • • I • • .. • I I I _ I _ _ t I I I I I t I I I I ' t. I · .,..... ... ~••• •• ....,...,. .. \..,.-••-,•----·- ----+- ... ----... ----.....-.------,---.----._._..._--.. :-,-----:-.---------•---L-----+-•----•-...-~--L.•••••~--·•••••,.••••••t-.••••••-1 ..I f I I t I I I t I . I I I • I I I I · I • I I ,t · : I I ' : I : I • I I : I I : I I' : I . . . . . . : . . . : . . : . . . - :: ·- . . I : _ t I I I I I : : I ' : I I : ,· t ·: : . ·1 - I. : I I I I I I I . I I .> • t I I t , I I • --··- ..• :_ • • • • • • • • • • • • . • i+-1 _________ ......,._..._ ____ ......_ ______ ~------ • ------•,--- ------L-----• ~-------...L------.._-------·-------L------~------•-------L••-••--••••••••---~---~•••••-~ - - ~ I - - · · · I I I I I I I • I I . • 1' I . • I I I I I I I I I 1 11 I "' I I I I I t I t I I - I I I I I I I I t I t I ! : , . : : : : : : : : : : : : : ··: l : ,. : : I I_. , I I I I I I I : t I I I I I t I I I :I _ _ _ _ _ .1 1 , I I I I I I I . I I ! ~ . I I : •-.,..~-,---~-.. -••...-••~-----•~----- •••••-~•-•• ---------•---.-------,- ----~-------~------..----•--•---••--'------•+------~-------~------~••••• •,•••••••L••••••"'I' I - ,I I I I I I I I • I • It I I : • 'I I I I I I I t I : I I : I . I. 
• 
.I I I I I I I I • I t I t I I I 1· ,I. I t t I t t t t I I I I I I I I t - t I· I I I I I : I I I I • ~ I • I I I . 1· :· I I I I I I I I II e ·t • I 
-----,·--··f-;.. .. _~ •. ;.. .. f-----·i·---- ------.-:.------ -~------:-----1---- --~--71-.: AVE:r.l~CE nu::s 11&2--110 I ----:------~.·---:--,--i-----··'.:.---·----i.· t I I t I I . t ·t : : I I. : I I I 1,.__ I • I I • I I t I ·1 I. I I • 1 , r I I 1 1 I I I t I I , I I I .~---' I I I t I I I I ·e I 
•
I . : I II I I I : I I . II It I I I I I I I I t I I I I I I t t I I I I I. - - . I I t 1 1 I t f t I I · I · · I ' • · •I ---·------~-----...._._ ____ ,.___ ... ------....-------. ______ ..__ ----~--- ----·------ -----. ,-...---,-----4-------.------,------ ... ··-------------=-· -.. ~----~-- ~- ---..... I I . I I 1 1 -1 1 e e I I t I e • . I I I I I I : I t I : : I 1 _ I : I I • ..• I : I I I I f I 1· I I I I • I I 1' I I I I I o I I I I I I I t I I I I I I I I I I :- I t I I I I II • I I I I I ' I I , I I I I I I 1 : • I I I I I I I I I · I t I I _ t. I 1 (. t • I • I . · · t ------~---:----.---:-----· ... ---- . -!-----.--------~-- ---··:----~ ---. ----·-------.-.._.,-..;....---:-... -,------,--·-----:---~-- .._, -------,----~--:--·----~· I t I I I I t I . : I I e I I e e t e .•. I I I I I I 1 1 I t I I I t I . I t I I I . I I I I t I I I I I I I- t I I I I t I O • I : t· I I I I t I I I I . I I ' I I I I I I I I t· I I t I I t I I I t I 8 I t I I I I 
• 
t_ _ I I t f I I O I I • I 11 I t I I I 11 I I ' \. I • I ' . I . . . . • I --·---·---------... ~----;-----,.--- --~--------------·----- 1..-----.-----·----... . ------.....-----···------·---------"-----,~------a.----------~-·--- .. ----------------. I ·t . I I I 1  I I I I I I II I .f t I I I I I I t I t I t I I t II I I 11 I I : t I . I : I t : ' I I I I I I I I t I I I. I • I I I I I I I I I I I I 8 I o I I : I I '1 I I I t· I I I I I I f I I I I I I . I I I I I I I I 
• • 
t I I I I I I I I I I ' I I I I I I I I I ' • L ' I I . I.. I'. • 
------••-·.._--~--------~--------- --··-------~------~-------•-- ---r------,------·------- -- --~------....-------._------'------,----~--·------·,------,------·6·-----~ l I I f I I I I I I t : I I I : t I t I • :· (',I 
-1 I. : I : : I -: I I I t I : t I : I I 1· I I : I I I I I t : : I I I I I I I I t I I I I I t I t 1 1 t 1 1 1 t . I t t I I ,- I I I I : I 1, t I ·1 I • I I 1· I : t " I : I I I I 1 : I I : I "I : I t 
~••••••••••-••....._ _ __. __ ~------,- ----•-------'------•,---•--• ------r-----:-------•- -·--~----------------L------~-------•----•••~---••-,•-••••-•-••••••, I I . I . t I I I I I I I I . I I I I I I t I I I I I I I I I I I I I . I I I I I I I I t I I I I I. I I I I : t t. I I I I I I I I I ~ I I t : I· : I t : I • • • • • • I • • • • • ' • • • I I I I t I • 
-.1 I I I • I I I t 
------!--....--e-L------+·----- · _____ : ______ t_ _______ ..; _______ :___ RUlf S 12 56-12 61 ---:--:.-- ---!·- · ·---L------:--..----~------+--~.;.-·-,_~------·:--~--:•-f I 
1
1 . I I I I • I I I I I I I . . . . ' . . . . ' . . : I I I I : I I • t I I t I I I I 'I I It ti •, '1 t •, 1, : I I I t I I I I t - 1, • • • • • • • • • • ••• t t I I I I I I I I 
1
1 
11 I. 
1
1 I • 1
1 11: I ' ·-,I •I . I . I I I e I L t ·,-- I I ' I I ' I t I •- I - I .:._-_ -----·-----a.-_------.----- -=----·------;--------,------·-.,.-~----...-- - . ·--~---. --L------,------:--.. -------'-------,--.-----·-------.,.. 11 :· I I : I I. : I I I I I : : ti :· 1. I I • t I I I I I I I I •• I I I· I I I I . I t I I , I I I I · ·1 t I : I I I I I I I t I t I I I I I I : I I I I I .1- I I I I I - I . t I I t I, I I I : : - I - : ._ - : -- - I : I :: . : : t . I : - - I J. 
-----~• --~---1.-------'--- -~-----·... ~--,--~-----.. -~-+---, --+--__,.,..... ___ .. __ .. -------6·-----+~ ----------i---- -· ~----·,.. I I I I I I 1· . I t I 
. I; ti I I • "I I t I I I I I I I t_ I I 11 t I I I I I I I I I . I I I 11 I I I I I .._ : . t t I t 1 ·1 I · I t I II I I t I I · '• • I I I I I I I I : I I I I .I I 1· • I II I I I t I; • • • • • • • •• •• • • • • • • • •  I I . · . . i • . &. .    I -----~------_ .. _.._._____ ----,-------·---------~-----,------:-:-•~ ,----· • •-..- .. _ _,.___ ---------•--,--·----·----·~-1 
•
I 11 : I I : i. 1· I I I IC 11 : : I ti. ·.I I I . I ,I I I I I I I I : t I -: I I I I I I I' : I 1 • I 1. I.. I. I I I e I· I t t ._ I I I I I ·1- I .I I I I I I I I -, ' I I 1 1 t _1_ ·' I I I I "I I I I I I -~ • • I • • •· +· . • .• + I • • I • • • • •• ...... .._ .. ...,_ .... ____ ... ___ -.-------•--.... - -•·•------ ·. -~-!---~----~--.... ·~- -----, ··• ---+---··.. . .. ··•-----'------.,, -----.. ------'-------~-·-----•·------1 •, : t I I ·, I I t • I I I t I I I I : I I I I t • I I t I I r I I I t t I • 1 I t It II I ,• II t I II I I II I • I I I I I I I I I 11 I I I I I I I I' 11 t I, 11 1 I ·I. I I I II I I t I I I I t I I iJ I e , I I I I I -- 1 : t 1 : I I : I I 11 I I : t I I 'I I 
----.·•·------~-------f-------~-------•·------t------,------... -------t------.,-------•- ···I-- o' -----:--~----t----~-..-------•,--~----~-------.-------•,-~----·I I I I I I I I I I I I I t I I I I I I I I I I t I I I I I Cl I I I I I I • I I I 1 • I I (I I I I I I 
: 25 : 50 i 75 i I 00 : 125 ! 150 i 175 ! 200 I 225 ! 250 L/D ·i 
" 
8 12 16 20 
DISTAI:CE 
28 32 36 
Figure 40VARIATION OF SHOCK ,~1AVE MACH HUt.1BER ALO:~G THE SHOCK TUBE ,~111u A 
CONSTANT PRESSURE COiiBUSTIOt~ DRIVER (REF 19). . . . 
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" helium .and increases its capability of producing stronger 
shock waves. Ignition is created by s~;ch :devices ·as. auto- .. 
motive spark· plugs or exploding. wires. 19121 A lesser degree 
of attenuation re_sults from the constant volume combust1 on 
. :w·--
technique than from the con·stan~t pressur'e combustion technique. 
Th.is can be concluded by comparing Figures 40 and 41. However,· 
the constant volume combustion technique does have cer1tain 
, disadvantages also •. A:prime disadvantage 1s shock wave attenu-
ation. It can be observed from Figure 41 that at moderate 
distances downstream. of the diaphragm section, the shock wave; 
driven.by the constant voltime combustion technique, has attenu-
.ated to about the same strength as an attenuated shook .. wave 
driv·en by cold hydrogen. It is difficult to repe.at the 
conditions or a test run since diaphragms cannot be fabricated 
with identical rupturing strengths. Also the convenience of 
. 
using a bourdon-type pressure gauge for measuring driver gas 
pressure cannot be realized if the constant volume c·ombustion 
technique is employed. A shock wave produced by combustible 
driver gases is not quite suitable ror precise chemical 
23 kinetic studies. Disturbar:c es, propagated by the combustion 
. ' 
process, cause a density variation behind the shock wave. 
Thus the properties or the flow there canhot be accurately 
. 
determined. However the AVCO Research Laboratory does use 
the combust;l.ble driver, techn·ique for some chemical kinetic 
. 26 
studies. In view o:f these circumstances, it may not be a. 
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_, . 
wise choice ·to employ the constant volume combustion technique. 
. 
. 1··· 
If the test section is a relatively long _distance f'rom the 
. diaphragm section, the author recommends' the use of' cold or 
heated-helium as the
0 
driver gas. Attenuation is not~a.s serious 
19 a concern using this driver techniqueo 
Attenuation is usually related to the. boundary layer 
. th t th h kt b 11 19124' 25 h b d l grow a e s oc u e w a • As t e oun . ary ayer 
thickens, waves are initiated whose net effect is to attenu .. 
ate the shock wave. tlso, if a. combustible driver is employed 
the combustion process propagates waves which likewise result 
is shock wave attenuation. 
A question that may now be as~ed is, which is the best 
choi·ce of. driver technique and shock tube niodif'ication for 
the production of strong shock waves in the shock tube. In 
th~author 1 s opinion,. the answer to this question is a shock 
tube employing an area convergence at the diaphragm section 
with the driver gas being helium, heated by·direct electrical 
27 . 28 heating_ or by short duration ·electrical discharge. The 
direct electrical ~eating method is preferred. Re·ference 27 
- -
offers a good direct electrical heating design in which the 
temperature of the driver gas can be increased to about 
three times the temperature of the driven gas. If operational 
cost is not ·of prime concern, great savings in design time 
can be made by -eliminating the area convergence at ·the dia• 
I 
phragm -section. 
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-~ CHAP!'ER s. Desi&} Considerations 
' An important design consideration is the intended 
application or ·the shock tube. For example, chemical kinetic 
studies can be made with the conventional shock tube23• 26 or 
29 
with the chemical shock tube. The chemical shock tube .is 
a modified constant area shock tube. It is modified by the 
addition of an evacuated tank tha.t · is separated from the 
driver gas chamber by a secondary diaphragm. This diaphragm 
\ 
"'--'ruptures sometime af'ter the primary diaphragm has ruptured, 
• 
"' 
and the shock wave has heated the driven gas sample. When 
the. tank diaphragm is ruptured, an expansion wave is gener• 
ated from tpe evacuated tank which suddenly cools the hot 
? 
4 gas sample that is stored within the shock tube. A small. 
amount of the sample is drawn from the shock tube and 
~-
analyzed for chemical composition. Knowledge of the chemical 
reaction rates can thus be obtainea. 29 One requirement of 
the chemical shock tube technique is that the product species 
2 
of the reaction be preservable at any stage or coo_ling. 
An alternative to· this te.chnique is the installation of 
, 
a wedge .in the ·test section or a conventional shock tubeo 
In this manner, the flow behind the shock wave is first 
f 
compressed,: as it travels through -an oblique shock wave at 
the upstr_eam edge or the wedge. The flow then undergoes a 
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·Prandti-..Meyer expahsion around the downstream corner of the 
wedge. The suddenly cooled gas is then observed as it 
30 , 
relaxes toward equilibrium. The reaction rates can be 
· _·determined, after th'e information obtained from the exp9 ri-
: 1' 
)· 
I 
mental run is evaluated. This is an example of a shock. 
tube being used for the purpose of measuring recombination 
'· 
rates. Numerous other studies in chemical kinetics have 
2 been.made with the shock tube. or concern, however, is 
• 
the fact that the intended application or the shock tube 
may influence its final~ design configuration. 
,. A shock tube design should --be, realistically modified 
to account for the variation in flow from that predicted by 
id 1 th 21126 Du t di h 1 ti ea eory. · e o ap ragm open ng ~e, a mona ... 
tomic driver and diatomic driven gas combination gene·rates a 
. . 
stronger shock wave than the ideal model. foretells.· Broaden-
ing of the contact sur:face by intermixing of the driver and 
31 driven gases also modifies the strength o.f the shock wave. 
Another factor of concern is the cross-section area con• 
figuration o:f the shock tube. A. rectangular or square cross-
sectional test section is desirable f'or ease o:f instrumentatio·n, 
while the driver gas chamber is usually of-circular form in 
order to minimize gas· leakage. Experim ce at the Lehigh 
University Physics .Laboratory reveals tba~ leakage is of 
.,prime . concern in shock tube .operation. Numerous · problems 
;. 
:• 
\ . 
.. _ .. 
. 
. . 
~: 
. ·. ; -·:·.'. -_' ,( ·,., -;i, ; '. ,, 
. .. . , i I 
I 
... 
·,, 
.. 
.. 
·~. 
' 
I· ; 
·-,,-·. ,._:,. .1 
. ·· 1::.. ' . '..;. . ~ 
I .I 
,, 
'· 
• 66 • .,.-.--.._:, .. 
" ..., 
confront the shock tube ·designer,, but r·e.ference number· 2 
lists a number of_ shock tubes that have been designed sue-
cessfully as test facilities. 
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. C HAP!'ER 7. A Shock Tube Design ·Proposal 
What· follows is a design proposal for a constant .. area 
... 
. ~, shock tube capable- of producing a maximum shock wave Mach 
number o.f 11. 5. Helium and air are the 'intended ,driver m d 
-..: 
·) 
. driven gas respectively. The driver gas is to be heated to 
. an initial temperature ·or approximately 1572 R. But the 
temperature of the driven gas is chosen to be 524 R so that 
the temperature ratio across the diaphragm. is 3:1. The 
application or the proposed shock tube· is intended for the 
~ study of chemical kinetics. · All design calou.lations co_r-
respond to peak performance of the shock tube. The design 
procedure is outlined in Appendix IV. Steps one through 
.. three of Appendix IV determi~e the pressure ratio across ) 
diaphragm that is required to drive a shock wave or Mach 
number 11.5. Steps four through nine determine the maximum 
flow Mach number, temperature, speed of sound and particle 
velocity vbich can be achieved in the proposed shook tubeo 
In steps one through nine (Appendix IV), it is assumed 
that the gases obey the perfect gas law and have constant 
specific heats. Also it is assumed that the gases are· invis-~ ~ 
cid. These a~sumptions are invalid when the shock wave Mach 
. . 
number is as large as 11.s. Evidence. of this is . seen in 
Table l where the,. res.ul ts from. st.eps 1. 4, 5• 6 and 9 are com• 
' 
. 
. 
. . , . I pared with cor~esponding results obtained by considering the 
.. 
t,. 
. :·····"""'"'·"· - -· ·. '. . .·' -
.. . ... 
I 
. . 
.. 
,..It ,, ( \~: 
I ' 
.•'/ 
. I. 
..... 
·• 1•1.:: • 
. ,· 
- 68 • 
·r 
! . 
. . ... . . . 
. ·Step number . Figure number 
. Perfect in ·appendix IV from whic·h Imperfect Quantity gas from whic·h gas imperfect gas 
T2 
U2 
. 
·p 
241 
M2 
C2 
J 
l . 
--·----~ 
results results were results results were 
calculated calculated· 
\' 
. 
• Ft G. 2 . 2 - 9 C · 
13 830 R. 9 7340 R REF. 2 
.. 
FT I FT FIG. 2.2-10 A 
1oe40 S£e 4 11650 SEC REF. 2 
, 
FIG. 2. 2~ 9A 154. 7 I 189. 0 
REF. 2 
,• 
FIG 5 
8 2. 750 
I. 846 THIS REPORT 
FT · FT FI G.2 . 2 - I I A 5 425osic 5770SEC REF. 2 ' 
TABLE 1 
Perfect rgas results compared to imper£ect gas results 
£or a shock wave traveling in air at Mach 11 .5,. 
\ 
• If the incident shock wave is allowed to reflect from 
a closed wall at the low pressure end, the temperature behind 
the re:flected sh9ck wave is approximately 12,230 R. for an in-
cident shock wave Mach number o:f 11.5 in air. 
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driven air to be real and in equilibrium. The real gas 
results are obtained from the designated f'igures ( see Table 
1) i.n which th,~ initial te~erat~-re of th~ driven gas :fs · 
2 540 R. The corresponding perfect gas results. have been ob-
tained from calculations assuming the initial temperature of 
the driven air is 524 R. This difference in temperature is 
insignificantly small. 
.. Real gas effects are taken into consideration for the 
design procedure which follows step nine. Those steps which . 
"' 
follow step 4 in Appendix IV ~~e the ones that determine the 
actual shock tube specifications. However. the diaphragm 
pressure ratio is the only speci:f'ication determinJd by as• 
suming the gas to be a perfect gas. This assuniption 
introduces no possibility or structural failure·because the 
'high pressure chamber is· designed to acoonnnodate a pressure 
that is 5 times the maximum operating pressure. The shock 
tube length and cross-sectional area is determined by the 
methods suggested in references·2 and 16 respectively. The 
shock tube length is des·igned for a· steady .flow duration in q 
region 2 of 0.5 milliseconds. Generally this time is between 
0.1 and 10 milliseconds, and it varies_with the cho·sen quantity 
2 to be measured. This shock tube is specirically intended ror 
use in ~etermining reaction rate constants by the procedure 
of reference 24. ,Therefore it 1~ necessa.z:_y to mea.sure the 
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density. p·rofile thr-oµgh the chemiofµ reaction· a, ne (region 2) 
and the shock wave velocity. ~ 0.5 milliseconds should be su.f~ 
? 
t1cient time for these measurements to· be made. Unfortunately 
thEr actual testing time is expected to be about 50% o:f the 
y value predicteq by this theory. This is caused by unac• 
aountable real gas effects. 16 
. . 
. ' In reference 27, Evans describes an electric~lly heated 
compression. cha:niber in which a helium driver gas can be heated 
uniformly to a ,temperature of approximat::~;
0
ly 600 C ( 1572 R) • 
~ ,• A diagram of thi·s chamber is given in Figure 48. The dr.iver 
gas is heated by two u-shape.d calrod .heaters, each consuming 
3500 watts at 230 volts. A 3/4 inch quartz lining is used to 
insul~te the driver gas from the tube. Cooling water, flowing 
through coils installed around the outside of the chamber, 
serves to control th~ maximum temperature o:f the steel tube. 
/' This temperature is 120 0 ,1 the melting point o:f the sold er 
holdin_g the cooling coils in place. In actual operation, the 
helium is loaded to about 1/3 the desired pressure. The 
power is then turned on until the. steel jacket reaches a 
temperature of 110 c. The remainder of the helium is added 
after' which the power is turned of-£ and tthe cooling water 
turned on. 
' \) 
~ .. It is proposed that the ~bove heat,er design be modified 
and used in this sh9ck tube design proposal. Because the 
dimensions of-the proposed high pressure chamber differ .from 
. ' 
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I. Quartz Liner 
2. Two G. E. Cal rod .fieaters 
3. Thermocouples. . -
4. Fro·nt Support Pin For. Quartz And Gal rod 
5. Removable Diaphragm Section For Reflected Expt. 
6. Transition Section From 2 11 Square To 2 11 Dia. Round 
7. · Gas lntet 
5 
i_ 
! 
FIG.48- HEATED COMPRESSION CHAMBER( REF. .2 7) . 
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; 
those in ·reference .27 • a new heating requirement exists. 
The same type calrod heaters are to be ~sad, but the required 
.number of heaters must be determined by steady state heat 
transfer theory_. Because the heat capacity of the heliwit is· 
small compared·to heat capacity o~ the quartz, most or the 
energy is used to heat the quartz liner. Aft,er steady state 
is achieved, the amount o-£ .heat generated by the heaters iA 
equal to the amowit of heat conducted through the· quartz lineo 
. -Tp.e. proposerl h_i_gh p:r~~~_µ.r_e chamb~r _is designed to have the 
same temperature distribution as the chamber in reference 27. 
Therefore the required energy input of the proposed driver 
gas chamber is proportional to ~the required energy or the 
driver gas chamber in reference 27. It is proportional by a 
geometric sim1larity factor as calculated in step 15 of 
Appendix rv·. The required energy input is found to be· 1.s 
times that of the shock tube in re:rerence ·27. For this 
reason, four calrod heaters are required in the proposed high 
,., 
! 
pressure chamber.· It is ·assumed in step 15 of Appendix IV \. . 
thatnegligible heat transfer occurs· across extreme ends of 
the driver section. Below.is a list of the proposed shock 
tube specifications as calculated in Appendix IV: 
2. Driven~~gas ---------------------------- Air 
3. Driver gas to driven gas pressure 
.ratio--------------------------------- 20,000 
"",. 
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4. Mai:imum shock wave Mach number ................ 11. 5 ., 
s. Driver section length -----.------------ 1.515 Ft. i 
s.· Driven section length -----------------·61.5 Ft. 
7. Test section_length from diaphragm---- 59.6 Ft. 
a. Design testing time for region between 
shock wave and interface----------~-~~ 0.5 Millisec 
9. Wall thickness of driver section------ o.s in • 
10. High pressure chamb&r material ... ------- Stainless Steel 
11. Design pressure of driver section~---- 10,000 psi 
12. Inside diameter of driver· section ----- 5. 64 in. 
I 
13. Inside dimensions of driven section --- 5 in. x 5 in. 
14. Maximum initial driver gas temperature- 1572 R 
· 15 • Initial driven gas temperature -------- 52~ R 
16. Required number,of calrod heaters----- 4 
-~ 
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·CHAPTER a. Conclusions ,and ·Recommendations 
I.n reference 27 ~ Evans stated that the quartz liner 
chipped. dUI'ing operation. It is suggested that the quartz 
liner be replaced by commercial pyrex tubing or another 
... 
. suitable insulation material resistant to Eh ock. An attach• 
mane flange. should be installed at the downstream end of the 
driven section. Thia flange c.ould serve tn aeoomm.odate a 
nozzle in order that conversion to a shock tunnel is possible. 
It could also serve for the addition of a tank to· trap toxic 
gases 1.f used in shock tube operat.ion. The driven section 
should be f;abricated in three 20. ft. sections so that -var!- . 
ation in' shock tube length is. possible. .t Depending on the 
desired shock wave Mach number to be produced, the required 
~ 
length 6:f driven section for maximum duration of steady· flow 
could be calculated by th_e procedure ·or Appendix rv. Thus 
any oombination of the three 20 ft. sections could be used 
to conBtitute the required length. 
The multiple di~phragm. and telescoping shock tube tech-
niques su..ffer from short testing t·imes. caused by undesirable 
wave interactions. It is recommended that. these modirications 
not be used for the pll.rpose o:f high.shock wave Mach number 
performance. However, if more. economical shock tube operation 
is desired,· an area conveirgence at the diaphragm section 
shoul.d.be employed in the design proposal or this report, 
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This section would- have to b.e designed by the method of 
characteristics. If· this modification is used, the duration 
of steady flow and shock tube length would have to be recal-
culated. It is evident that, a graphic~ pro.c .. edµ.re, like 
that. of Appendix IV, is needed,ror the purpose or determining 
the shock tube length and .test section location. Thus if a 
designer ch~ses to employ an area convergence at the dia-
. . 
phragm section, an expedient method is available ror de-. 
termin·ing shock tfube length and test section loeat1on 0 
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APPENDIX I. 
, 
· IDEAL THEORY FoR THE s IMPLE SHOCK TUBE2 ' 3 .. -
·~ 
It may readily be shown from on·e-dimensional unsteady 
flow theory' that Ir 
( 1) 
• 
. . 
All subscripts in Appendix I refer to corresponding regions 
of Figure l·o Combining Equation l with the 1.s en tropic 
relationsp.ip results in 
2 04 
P3 '4 - 1 ~ .. 1 
-
l -P4 2 
• 
U3 -· M3 is defined as - • Combining this definition with 
·C3. 
Equa1i ons 2 and 1 1 results in 
• 
(2) 
'.":,· 
- l ( 3) . 
• 
Using one-dimensional shock wave theory, it may be shown that· 
.. 
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, ( 4) 
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( 6) -~ 
y -2 
o + M 1 · s • • 
where ·Ms is the Mach number of,· the ·. shock wave, and· 
Because 
and 
' it can be shown that 
p '. 2 . 
- + pl • 
. Equations 7 and 8 are combine·d to result in 
., 
Equatio·ns 8 and. -~ are combined to yield 
_,..,., 
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(7) 
(8) 
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And a.i'ter .further rearrangement and substitution, M3 ean be 
expressed as 
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APPENDIX II ·-:: 
Q 
~, \ . ' 
. . . ,· . · .. · .,. . ' ·. . .. -·. ' . 5 
IDEAL· .'I-H.EORY FOR THE MULTIPLE DIAPHRAGM SHOCK TUBE . 
. * REFLEC.TED SHOCK TYPEl 
. :,.,, :·_:.,:.':·· ·t. 
Combining the re~lected shook wave equations of reference 
2 and the simple shock tube equations or Appendix I yields: 
• 
.p 
.. 4 
-·= Ps 
¥-1 6. 
• fs+! 
(3 06-~ M562 • 2 Y6 ... 1 
i'6 - 1) Ms62 + 2 
. I 
(1) 
• 
Once M16 is determined from Equation 9 of App.endix I, T 4 and 
. P 4 are readily available from the above Equation~ 1 and 2. 
The final flow conditions can thus be calculated from the 
. 
simple shock tube equations of Appendix I. 
& 2* 
UNSTEADY EXPANSION TYPE ,,, 
.) 
From tBimple shock tube theory it can be· shown 
~ 
2k: i's-1 P4 2 6 Mas ~ P5- - ~+l - ;; +l • 6- 6 ' 
" 
. 1 * Subscripts denote regions of Figure 14 
2* Subscripts denote regions or Figure,. ·1s 
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( 7) 
Applying one-dimensional unsteady flow theory across the 
second rar~faction waye yields: , _ 
·"".,,: 
( 8) 
•• 
From Figure 16 it can be noted that: 
rJ 
. 6 and -
• 
. '\: 
P4 P4 p6. pl. 
-· - • - • p3 p6 pl p2. D • 
'( 9) 
0 
Combining Equations 3, 5 and 7 results in 
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p6 
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.. APPENDIX Ill ' 
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. . 
_ IDEAL THEORY FOR A SHOCK 11UBE WITH AN AREA CHANGE AT 
THE-DIAPHRAGM SECTION7 
In addition to the assumptions mentioned in the text 
of this ·report, it is also assumed that the ·range of pressure 
ratios across the diaphragm is restricted to exclude the 
possibility of an_ overexpansion in the divergent section. 
This, of course, refers to the convergent-divergent 
geometry of Figure 20. The ideal theory is now pr-esented · 
for a shock tube with either the ·convergent-divergent 
diaphragm section or that sectio·n which is monotonically 
convergent. Subscr!pts. denote corresponding regions 1n 
Figure 20. 
' . 
The diaphragm pressure ratio can be expressed as .. 
• 
P3 y 
• p • 
2 ' 
Where · 
y -
• 
From one dimensional unsteady flow theory, the pressure 
ratio across the rarefaction wave in the high pressure 
chamber can be expre·ssed as 
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Fig. 2 o Schema-tic d.i'agrarri. ·qf .$nock tube. 
~ith convergent geometry at the diaphrag·m 
section. · The dashed_ lines in the diaphragm 
section denote sche.matically ·a convergent-
dive:rgent geometry with miqim~m area at 
·3b'. The pressure ·distribution is of course: 
only s·ymbolict R.Ef. 7 ). 
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A steady expansion occurs between regions .3a and 3b. After 
combining the energy ·equation for a steady flow isentropic 
process, the equation of state and the isentropic relation•· 
. •.:, 
ship, one can write that: 
= 
2 + (~ --~ M;,, 
2 + (~ •1)M~a 
Also, by applying the continui ty,equ~tion, 
_,r . 
that, 
,r +l 
·4 
A4 2 + (¥4 • l) M~a 2cr4-~ 
-A3b' (14 .. i) M:b I 2 + 
( 4) 
•• 
it can be shown 
M3b' ( 5) 
143a · 
• 
The flow form 3b' to 3b is also a steady isentropie expansion 
if the area divergence is employed. Therefore, Equations 6 
and 7 have the same f'orm· as :a:quatl ons 4 and 5. If oply the 
" 
area convergence is employed, this process between 3b' and 3b 
does not exist and is eliminated in later calculations. 
Equations 6 and 7 are 
¥4+1 
2 (l4•l). ,, 
2+ (~-1) 2 
~b' M3b' M3b ( 6) 
-Al (~-1) 2 M3b' ,, 2 + M3b 
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and ¥ • ~ 4 
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> :;. '!'he region from 3b to 3 includes an unsteady left f'acing 
.. • 
,· 
, 
-rarefaction wave which is swept downstream. The wave-exists 
' . -a only ir the initial pressure· ratio· is sufficient -to drive a 
shock wave of such strength that u3~u3b. The pressure ratio 
across "this rarefaction wave is obtained by the same theory 
used to determine P 4/P3 a • . One can then write., 
(¥4 .. 1) 214 p3b 2 + M3 er: •l 4 •, ~ (8) = P3 er~ -1) 2 + M . 3b • 
s1nc·e P2 • P3 , Equation can be written as l 
~-1 
2~ ('4-1) M~~ T4 2. ~-1 2 + ?, -1 l+ 
- 4 C 2 (~-l)M!a 2 + 
' fi 
.. 
Additional relationships are needed to further simplify Equation 
9. The area ratio can be expressed-as one equation by combining 
E4uations 5 and 6. Th~~efore, 
. ' ,, 
.r4+1 . 
A4 2 + (i4-1} M2 '2 ~-lJ M 
- 3a .3b - ( 10) !. A (r4 .. 1) M~ M3a 1 2 + . 
·.Another relationship which· can be obtained after much menipu-
latl on is, , 
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M3 • c4 2 + ;r4-I) M3b 2 + (~""1) ~38 
Cl 2 + ~ 4-~ M3a 2 ·+ ~-1) M~b 
'• 
f. 
L,..-.. 
Most investigators have introduced the quantl. ty 
theory where• 
2¥4 
2 + (~ .. 1) M2 r4-1 2 + (~-11 M 
,g = 3a 3b 
cr4-1) M2 (~-1) 2 + 2 + M3a 3b 
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"g" into 
1'A 
2Y4 
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V·aing: this quantity, Equation 9 can be rewritten as 
z. • !. y 
C. g 
and Equation 11 becomes ,,, 
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,1 
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(11) 
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These equations are now· sufficient for calculating the, 
··necessary e0 to :produce a given shock wave Mach number for, 
'.., . 
. both cases of subsonic and s~ersonic flow behind the" inter• 
face. It must be remembe;Eid that the possibility of' an over-
expansion in the conve~ging-dive~ging section is excluded. 
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It .the·flow created behind the-·Interfaee is subsonic,· 
then no rare.faction wave exists downstream of the area change, 
• 
. . . ' \ 
and points 3,b and 3 of Figure 23 are the (ame_- · Equatiolls 10, , 
.. 
12• and 14 can be solved for g, M3 and .M3 a. These equat1 one \ 
.-
_,.,,. . 
cannot be arranged in matrix form. Thus they must b.e solved 
by the method of successive approximations. After g, M3, m. d 
M3a are determined and A4/A1 , c4 , c1 and M8 are chosen, one 
,•,, S f ' 
~, R ~ 
can solve for .20 • Note that only A4/Ai matters and~not the 
employment of a supersonic area change. 
The c a.se of supersonic cold f:J..o}'V will. now be considered 
when the converging-diverging area change is employed. M3b, 
is now unity, and M3 a. and M3b can be obtained from Equations 
5 and 6. respectively. Once g is obtained from Equation 121 
the values of ,Z0 and M3 · are readily available from Equations 
(. 
13 and 14. If the diaphragm sect_ion is mon1tonic ally conver-
gent ftom A4 to Ai• then M3b • 1. M3a·is determined rrom 
Equatl. on 10 and M3 a.p.d ~c are calculated a.s before. Note that 
A~A1, c4 , c1 and M8 were chosen berorehand. 
· The· above pro~edure for calculating the necessary ~c to 
produce a designated Ms is quite lengthy. · Alpher and Whit'e 
have presented the necessary equations in 1graphieal form.-
They are giv~n as Figures 21 through 25 •. By using these 
figures,·· a method is available by which~ can be determined C 
, quite simply. As b8rore 11, ~, _and C1/c4 are selected, and 
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a value or M8 is chosm.- Th8 values of u2/c1 'and Y are 
selected. from Figures 21 aild 22 respectively. The value of 
Q g ls then determined from Figure 24. Note that ·g is a 
function of ~ and A4/~, when M3>1. But it is a function 
of t4, A~A1 , and M3 when M:flo As can be seen .from Figure \ 
24, g assume·s a constant value on;Ly after the value of M3 • 1 
is reached. Therefore, it can be determined if the cold. rlow 
is subsonic or supersonic by merely inspecting Figure 24 •. jl 
·Fi.gure 23 could also have been used to determine g. Finally 
, the overall pressure ratio is resolved from Figure 250 
··• . . 
'j,'..,. . 
\ 
Onlf those curves have\been presented in vbich "4 = 1.667. 
These rigures apply only to the monoJonically convergent ~~a 
. change when the c.old flow is supersonic. However, it does 
apply to the -two discussed geometries ·when the cold flow is 
subsonic • 
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the cold flOW becomes sonic is indicatedl REF. 7). 
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APPE.'NDIX rl . 
• 
DESIGN CALCULATIONS FOR A CONSTANT AREA SHOCK TUBE 
WITH HEATED DRIVER GAS* 
from Equation 7 of Appendix I: 
' 
( 11.5)2 1.·4 + 1 ~ + 1.4 .. ,1 
:s 2(1.4) P1 2(1.4) ·· i 
2. ·Determ1na1i on of c1 and C 4 : 
~-
c1 = 1,120 ft/sec \ 
C4 • 5,690 ft/sec 
./ 
3. Determina~ on ·of P4/P1 from Equatl. on 8 of Appendix It 
t7 ,-Subscripts denote corre~pond;ng ~.egions of Figure 42. 
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Fig. ~2 'Distance (x)-time (t) diagram showing minimum 
cnacber length L4 ~and minimum channel length 11.. giving 
maximu:1 hot flow duration at at s~ation ~'REF. 2 ) . 
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l 
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' . -·· 
',tt'. 
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1-·c' • 
I 
.• 91·· 
l; 
p 4 , ( 0 .~96) ( 15·4. 7•1) 
--- • 154. 7 1 ..,._,-----------~~~~~~-
pl 2(1.4)(1.4+1) 154.7 + 2(1.4)(1.4-1) 
{1.67-1)2 · (l.67-1)2 
4. ·. Determination of u2/c1 from: Equatt. on 4 or Appendix I: /\ 
. . 1 
:+1 (11.s - 11.s> 
u2 • 9. 5 ( 1120) = 10 ,.640 rt/sec 
5. Determination. of c2 .from Equation 5 of Appendix I: 
C2 2 
1120 
. c2 • 5.16( 1120) = .. 5770 ft/sec 
6. · Determination of~: 
l\ ; ~. 
M2 • 
U2 
= 
101640 1.846 C2 5770 
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7. ·. Determination of c3 (note that ~ • u3 ) · fmm Equation 1 · 
of Appendix I: 
C3 = {.376)(5690) = 2140 ft/sec 
.a. Determination of M3 : 
4.97 
9. 
(5770) 2 
• (l.4)(53.3)(32.2) 
. ·-10. · Determination o:r Li rrom Figure 43: 
121 
Li • 121 ( 0 • 5) 60.5 ft 
11. Determination o:f .Xr_r t'rom Figure 44: 
. 
:s 1.0151 • , Xrii = 59.6 ft 
~-. 
·~ 
... 
( x.i. can also be determined f'rom Figure 45). 
:f'. 
,.•., 
,. 
12. Determinati on df. .f'rom the third equatl. on on Figure 42:.· . r L4 
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Fig. 45 - Time - interval between the arrival of the· .. shock wave and 
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- lations have been carried out considering air an ideal gas, 
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u2 
- is determined tram Figure 49 .• Cl 
M8R is determined from Figure 50 •. 
Li 2(11.5) 1.61 • 1 ( ) t 4 • 5e06 l - 2( 5.06) l0.:3 
L4 • 
60
•
5 
• 1.515 ft 
. 39.9 
.. 1.67+1 
2(1. 67) 
13. Determination of crGss-sectional area: 
.' .-
10.3 + 1.97 
. 
---~- -
11.5 + lo97 
··The theory of reference ·16 is used to determine the 
minimUlJ! dimension of the square cross-sectlonal driven 
section. Figure 46 is the graphical solution of this theory. 
This theory is based on a similarity factor co.rresponding to 
the shock tube in operation at the Cornell Aero nautica1 
.. LaboratotY• Their shock tube is· modified with the addition 
of a diverging downstream nozzle. Therefore it is a shock 
- tunnel employing· the nonreflected shock wave method of 
operation. Bef'ore Figure 46 can be used, the flight Mach 
,.-> 
number ( see Figure 46) must be converted to its corresponding 
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LENGTH-TO.;.OIAMETER RATIO DETERMINED BY · 
.. 
OPTIMUM 
BOUNDARY- LAYER 
UPON REAL 
CLOSING IN A SHOCK TUBE BASED 
GAS PROPERTIES IN AIR (REF: 16). 
' .
' . 
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0 = TUB£ D1Al"1£T£R (INCHES) l 
JJ=(4Dp) 1/9 =TUBE S!lv!ILARITY FACTOR 
1) ::/NIT/AL AIR PRESSURE (AT/J10SPH£R£S) 
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shock wave Mach.number. This conversion is presented in 
' ,' 
\ 
Figure .-47 where 
.( 
Mf •• 17.0 
~.:. 
·-i· . .i. 
. ' for 
l' 
.11.5 M s 
So that available testing time in region 2 is not sacrificed, 
;/ th.e shock tube is qesigned s·o thatl boundary layer closure 
occurs at the gas interface. For this re~son the curve, 
X-X8 D = 20 of Figure 46, is entered at Mr.= 17.0, and it is 
fowid that 
• 
= 180 I 
where L, (3, D are defined in Figure 46. Finally it is cal• 
·cula ted that 
,. 
D = 5.0 inches 
The driven section should be designed with a 5 x 5 inch 
inside square cross-sectional configuration. The driver 
section should be circular with an equal cross-sectional area. 
Therefore the driver section should have a diameter of 5.64 
14. Determination of high pressure chamber wall thickness: 
·The radial stress.governs the design of the wall thick• 
" 
ness because it is twice as large as the meridional stress·• 
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where 
' ' 
p4 .= 
R = 
' 
design dr-iver µas pressure,_ 10,000 PSI 
· earety ~q;tO)l·. - 5. 1 
inside radius of hig:frpressure chamber· in 
' 
inches 
' 
t. = wall thickness 
5i = yield strength, 60,000 psi for cold•worked 
austenitic stainless steel of type 304.33 • 
... 
t _ . 10,aoo (2.5) 
. ~ , 60,000 = 0.417 inches 
(use o.s inches) 
. 34 
15. Determination of the required number of c alrod heaters: 
1' '. 
• 
-
2'11'KA(T1•T2) A 
.f n( r2A/r1A) 
27T~(Tl-T2)B 
J.n 
' 
qA/LA ./.n ( r /r ) 
a 2B lB 
. ~- / 
= 1.e 
,( 
. .... · 
,"1·.,, -l 
:a .557 ·'-
(Shock ~ube "B" requires approximately·- twice 
as many o.a.lrod heaters s.s shock tube ''A".) 
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Where: 
l. Subscript A ·d·enotes the shock tube of .Reference 27. · 
2 •. 
3. 
4. 
5. 
· .. ·· 
Subscript B denotes the proposed shock tube of 
rep•rt. 
( Tl .. T2) - temperature difte·rence- across quartz 
liner. ( See Figure +s ) 
K = thermal conductivity of quartz liner. 
r2 = outside radius or quartz liner. 
r1 -= inside,· radius of quartz liner 
f = required heat input per foot of driver gas 
l· 
chamber. 
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